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[Text] Annotation 


The methods and means of stabilization of an image during optical 
observations from mobile bases by acting on individual elements of the 
optical apparatus are analyzed systematically in the book. Special 
attention is devoted to promising automatic systems, in which 
stabilization is carried out according to information of image 
displacements. Systems of indirect image stabilization, based on 
information about the three-dimensional displacements of movable bases, 
are also considered. 


The book is intended for engineering and technical personnel in 
instrument building. 


Preface 


The modern requirements imposed on optical instruments reduce mainly to 
a combination of two contradictory characteristics: high angular 
resolution and minimal mass and size of the instrument. These 
requirements are also retained for apparatus, operating on a moving or 
insufficiently stable base. Various types of supplementary mechanical 
devices, which reduce the influence of the motion of the base on image 
quality, are most frequently used to retain the potential capabilites of 
optical instruments in the area of resolution. The most widespread 
procedure is mounting the optical instrument on a gyro-stabilized 
platform. One must frequently do away with using a gyro-stabilized 
platform in real cases with all the theoretical evidence of the 
correctness of selecting this variant of solving the stabilization 
problem. The latter is explained by the fact that the relations between 
the mass of the instrument to be stabilized and the stabilizing setting 
are equal to 1:3-1:4 at low compensation level. Moreover, there is a 








specific aependence of the mass of the mount on the accuracy of its 
operation. The mass of the mount increases with an increase of accuracy 
and the ratio presented above deteriorates. Therefore, the basic 
direction in development of optical instruments of this class will 
undoubtedly be related to stabilization of the image with respect to the 
image detector or of the detector with respect to a randomly fluctuating 
image (due to stabilization of displacement of individual components or 
assemblies of the instrument, the mass of which is at least an order of 
magnitude less than that of the entire instrument). It is obvious that 
a somewhat different approach both toward selection of the optical 
layout of the instrument and toward selection of its entire schematic 
diagram is required for this. 


More than 300 publications on different circuit solutions and on 
specific devices, related to photographic and movie equipment, to 
telescopes mounted both on the earth and in space, to aerospace 
observation equipment, to helioequipment and also to visual devices-- 
binoculars, telescopes, sights, surveyor’s instruments--and to hologram- 
receiving units are now known. 


Selection of one or another layout of an optical device with image 
stabilization is largely determined by the principle of designing the 
control system, which should respond with high sensitivity to external 
perturbations of a wide frequency range, which cause displacement of the 
image. Two directions are possible in development of a stabilization 
system. The first direction is related to the use of highly sensitive 
mechanical or laser gyroscopes, which record nconprogrammed displacements 
of the movable base in space and emit the corresponding signals to the 
follow-up systems, which control the actuating devices in the optical 
circuit of the instrument and which compensate for dynamic shifts of the 
image. This C_rection is related to indirect image stabilization, since 
the image itsel” is not monitored and information about it is not fed to 
the control system. The use of highly sensitive and compact laser 
gyroscopes, which have not yet been considered in probiems of design of 
image stabilization systems, is promising. 


The second direction is related to the use of information image 
displacement. monitoring systems in the coordinate axes of the focal 
plane and to development of closed control systems directly for the 
image. One-coordinate systems are made in the simplest case, but it 
frequently becomes necessary to make two- and three-coordinate systems 
that shape the given quality of the image. Those principles of 
designing information systems, the drives of actuating devices and of 
control systems as a whole, which would have the highest speed and 
greatest dynamic accuracy, would be simple in organization and 
flexibility in functional adjustment upon variation of the operating 
mode of the optical equipment, must be used with regard to the high 
sensitivity of systems to external effects of a broad spectrum, which 
cause dynamic shifts of the image. The second direction is more 
promising, although it is related to solution of a combination of new 
problems, development of which many organizations in the Soviet Union 








and abroad are involved. These problems determii.e the need to develop: 
1) active actuating devices for the equipment which would function most 
efficiently in automatic control systems, 2) highly sensitive 
information image checking systems according to the coordinates of the 
image plane, 3) precision devices that would guarantee the necessary 
linear and angular displacements of the actuating devices, and 4) one-, 
two-, and three-coordinate image stabilization systems that provide a 
given quality to it. 


It should be emphasized that design of multicoordinate control systems 
for apparatus with high image resolution is a very complicated 
scientific engineering problem. This problem can be solved with 
accurate Knowledge of the influence of each component of the s:etem on 
the measurement error and by processing the extent of displacement for 
each coordinate axis of spatial displacements of the optical equipment. 
The answers to individual problems that occur upon solution of the above 
problems are contained in numerous articles and patents. The first 
well-known prominent publications in the field of image stabilization 
should be considered [5, 62]. 


General data are presented in [5] on the use of gyroscopes in optical 
instrument building, specifically, on the use of gyro-stabilized 
platforms. Systems containing these devices are developed in [4], in 
which random vibrations of the ship, the essence of modern methods of 
gyroscopic stabilization of the carrier and of the equipment mounted on 
it, the mathematical fundamentals of solution of problems of coordinate 
conversion, different methods of stabilization and hardware for 
achieving thom are considered. The book gives a rather compleie idea of 
the methods «. solving the theoretical and practical problems which the 
developers of traditional gyroscopic stabilizers encounter. 


The design principles and methods of design of image stabilization 
systems, in which the active devices of optical instruments, controlled 
by information signals on displacement of the bases and on misalignments 
of the image directly are used, were not reflected in the above papers. 
This circumstance determines the absence of papers on information image 
misalignment checking systems, and on precision drives of the actuating 
devices of image motion control systems. 


Gyro sensors and gyro units, designed on precision gyroscopes, have 
reached the Limit in an increase of sensitivity and a reduction of mass 
and size in their specifications. Image stabilization systems wil] be 
improved further toward use of new systems for measuring the spatial 
displacements of the object, including laser instriments. 


Stabilization systems are described in the book, in which displacements 
of individual components or assemblies of optical instruments are used, 
are described in the book. The use of gyru-stabilized platforms, which 
are described in detail in the above monographs, is essentially not 
considered in the book. 








The book has six chapters. General data on shaping the image in the 
focal plane of optical instruments are presented in Chapter 1. A 
mathematical description of the processes of image misalignment, caused 
by the functional modes of the equipment and by random motions of the 
base, is given. Methods of active effects on the image to stabilize it 
are considered. Methods and means of image stabilization during optical 
observations with a moving base are considered in Chapter 2 with regard 
to the characteristics of different. optical systems. The methods and 
means of parametric stabilization of the image in control systems with 
feedback according to coordinates of displacements of the moving base 
and misalignment of the image is presented. The design principles of 
functional image stabilization devices are considered and specific 
solutions of realizing these devices for optical equipment are given in 
Chapter 3. A detailed outline of the principles of organizing 
information systems for monitoring spatial displacement of moving bases 
and misalignment of the image is given in Chapter 4, according to the 
problems of image stabilization, formulated in Chapter 1. Main 
attention is devoted to information systems for checking misalignment of 
the image in two coordinates. The errors of the information systems are 
analyzed and the main methods of error compensation are considered. 


Precision instruments of actuating devices in image motion control 
systems are described in Chapter 5. The design principles of drives for 
formation of the angular and linear displacements of the assemblies of 
the equipment, which meet the requirements of high dynamic accuracy and 
functional characteristics of the apparatus, are outlined. 


Chapter 6 is devoted to automatic image stabilization systems. 
Automatic indirect image stabilization systems according to information 
about spatial displacements of moving bases and automatic stabilization 
systems for information about shifting of the image are considered. 
Methods of optimization of local and correlated stabilization systems 
according to the criteria of image quality are outlined. 
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Chapter 1. General Data on Misalignment of Image and Methods of Image 
Stabilization During Optical Observations With Moving Base 


1.1. Main Characteristics of Image 


Images are considered in iconics in the unity of physical and 

| formation properties and the developers of equipment can select 
different mathematical descriptions of images with regard to specific 
problems [50]. 


Adequate mathematical models correspond to the physical level of 
description of images within this book and two transformations of 
information are taken into account: shaping of images and recording of 


images. 


These transformations are typical, for example, for aerial photographic 
equipment (AFA), mounted on a moving base. 


The optical image is shaped in the plane of the photographic film by the 
optical system of the AFA. The mathematical model of the shaped image 
can be the function f(x, y, t) of two rectangular coordinates x, y and 
of time t, where the value of f is the intensity of the optical image at 
a given point of plane x, y, at given moment of time t. 


Shaping can be presented as a sequence of two steps (Figure 1.1). The 
hypothetical ideal optical system initially shapes an ideal image f(x, 
y, t), being an accurate projection of the object to be photographed 
onto plane x, y, and image f*¥(x, y, t) is then distorted by a linear 
spatial filter, which takes into account the aberrations, inaccuracy of 
focusing of the optical system, diffraction and scattering of light and 
other physical phenomena. 
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Figure 1.1. Diagram of Shaping of Optical Image 


KEY : 
1. Object 4, Spatial filter 
2. Ideal optical system 5. Real optical image 
3. Ideal optical image 6. Real optical system 








The optical system in most applications is considered isoplanar 
(spatially invariant) and distortions are described by a convolution 
integral 


+o 
f(x,y O= [| ho x, y — 1, t) Mg (x, ny dxdy, (1.1) 


—co 


where ho(x, y) is a scattering function of a point of the optical system 
(pulsed characteristic of the filter). 


We note that the optical system is practically inertialless. This is 
formally expressed in the fact that the kernel of the integral transform 
ho is independent of time t. In practice, the inertialless nature of 
the optical system means that any time changes of the object (for 
example, displacement of the object with respect to the AFA or 
displacement of the AFA with respect to a fixed object) are transmitted 
without distortions to plane x, y. This property is used in design of 
image displacement sensors, considered in detail in Chapter 4. 


The image is recorded by photographic film. The final result of 
recording (after photochemical processing of the film) is a fixed 
(time-invariable) g (x, y), where g is the intensity of the photographic 
image at point x, y. If the photographic film is an ideal recorder, 
transformation of the image f(x, y, t) to an ideal image g*(x, y) was 
described as time integration 


T 
g* (x, y) = | I(x, y, t) dt, (1.2) 
0 


where [0, T] is an interval of exposure time. 


The recording of a real image g(x, y) is accompanied by the appearance 
of spatial distortions and noise, caused by the stochastic discrete 
structure of the photographic emulsion, by the quantum nature of light, 
by scattering of light within the photographic emulsion and by other 
factors [73]. 
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Figure 1.2. Diagram of Shaping Spatial Images and Noise 















































KEY: 
1. Optical image 4. Nonlinear functional 
2. Ideal recorder converter 
3. Spatial filter 5. Noise generator 
6. Real photographic film 
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Figure 1.3. Diagram of Shaping of Image in AFA 
KEY: 
1. Ideal optical system 6. Nonlinear functiopral 
2. Ideal recorder converter 
3. Noise generator 7. Real AFA (without regard to 
4. Ideal AFA blurring) 
5. Spatial filter 


The enumerated distortions are reduced in most applications to linear 
spatially invariant filtration, to nonlinear functional transformation 
and to addition of noise realization, generated by some hypothetical 
noise generator (Figure 1.2), i.e., 


B(x, y) = g(x, y) L n(x, y). (1.3) 


Here n(x, y) is the realization of noise, g (x, y) = ig (x, y)|, where 
g (x, y) = @ is the characteristic of nonlinearity (the characteristic 














curve of the photographic emulsion), g (x, y) = \j g* (x —%, y —) Ig 


(x, n)dxd, and hg (x: y) is a scattering function of the point of the 
photographic emulsion. 


Spatial filtration in the optical system and on the photographic film 
can be taken into account by a single linear spatially invariant filter 
of the AFA (Figure 1.3). The pulsed characteristic of this filter 
DapalXs y) is expressed by convolution of functions ho(x, y) and 


hg (x: y), i.e., 


*9 
hnoa(X, y) = }} hg (x — x, y—H)hy (x, ) dx dy. (1.4) 


—@ 


We note that functions f, g, ho, ha and bara can be replaced by 


different mathematical equivalants. The most widespread equivalent of 
the function of two coordinates and time a(x, y, t) in practical 
applications is the complex spectrum T,(Nx, Ny, ft) of spatial 
frequencies Nx, Ny along axes x, y and time frequencies ft. Both 
functions are linked by operators of direct and inverse Fourier 
transforms F, F™!: 


T. (N,, N,, fi) = Fla(x, Y, {|= 
+o 


a= JJ Jaw, y, tyexp|— j2n(Nyx | Nyy +fit))dN,dNy df; 


—wy 


a(x, y, () = FT (N,, N,, [= | (1.5) 


+2 
= JJ JiPaWe Ny 


x exp[—j2n (Nyx + Nyy + ft)|dN,dN, dt. 





The concept of the Fourier transform is generalized by the concept of 
expansion of function a(x, y, t) in orthogonal basis [79]. The wide 
distribution of the apparatus of Fourier transforms is related to the 
fact that the trigonometric functions are eigenfunctions of the linear 
filtration kernel. In other words, the multiplication operation in the 
area of space and time frequencies corresponds to the convolution 
operation in the space-time region, i.e., if 


+10 
a(x, y, = | b(x —x, y—y, t—1)C(x, 9, t) dx dydt, (1.6) 


—o 

















then 


T (Nx, Ny, fi) = Ty (Na, Ny hi) Te (Nx Ny, fi). 


Transition to the frequency range, without changing the physical and 
mathematical meaning cf calculations of the AFA, simplifies the 
calculations in some practical cases and finds application in this book. 


Typical distortion of moving images, which has been named blurring, is 
related to the recording process. The phenomenon of blurring determines 
to a significant degree the spatial resolution of the AFA, and this 
paper is essentially devoted to methods of measuring blurring, and also 
to methods of preventing blurring on the basis of compensating the 
displacements of images in the exposure interval. One other method of 
controlling blurring is also known--a posteriori processing of blurred 
photographic images [79]. This method is not considered in this book. 
The gradually complicated mathematical descriptions of blurring are 
presented below. 


Let us begin with the simplest case: let us assume that there is a 

bright point, displaced along axis x at constant rate vx, in an optical 

image on the surface of the photographic film f(x, y, t). This point 

can be displaced by distance X = vxT in the exposure range [0, T]. 

Accordingly, blurring is manifested in the photographic image g(x, y) = 
7 

= | f(x, y, ) dt as transformation of the image of a point to an image of 


') 


a straight line with length X. 


Let us turn attention to the fact that the extent of blurring X is 
proportional to the rate of displacement v, and of the exposure time T. 
Two directions of controlling blurring hence follow: reducing the 
exposure time T by using highly sensitive photographic films and 
reducing the speed vx, by improving the design of the AFA. 


Let us consider the more complicated case: let us assume that the 
entire image f(x, y, t) is displaced along axis x during interval [0, 


T], and that the result of recording is a blurred image g(x, y). This 
blurring can be formally described as a convolution of the image g(x, y) 
by formula (1.3) with pulsed characteristic Roy? of the hypothetical 


blurring filter [70] 


| a 
A(x, y)= | g(x -- %, y)hyy (dx = 
7 (1.7) 


_ | g(x—x, y) ly. (%) dx, 


0 











where 


New (x) = | Uy at 0<x<X; 
0— in remaining cases. 


The blurring filter can be combined by formula (1.7) to the distorting 
filter of the AFA by equation (1.4) 


Hy y) Rew () 0% (1.8) 


————, 


ne, (x, y) = | Mawa (x 


o 


where fxs, (x,y) is the equivalent scattering function of the point of 


the AFA with regard to smearing. 


Relation (1.8) is convenient for comparison of the spatial distortions 


of the image g(x, y). If the diameter Dara (Figure 1.4, a) of function 


Dapal®s y) is considerably less than blurring X (Figure 1.4, b), the 


resolution in the direction of blurring is determined mainly by the 
blurring. Resolution is independent of blurring in the perpendicular 
direction (along axis y) and is determined by the value of D A (Figure 


AF 
1.4, c). 

















Figure 1.4. Characteristics of Image Blurring: 
a--equivalent scattering function of point in AFA; 
b--function of blurring point +..ong one coordinate; 

c--spatial function of blurring of point 
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Let us generalize the previous case: let us assume that the image is 
displaced at constant rate v with components vx, vy along axes x and y; 
moreover , 





v= Vv; |. uy. (3.9) 
Then = is determined by double convolution along axes x and y: 
NX ) 
hoa (xX, y) = | h(x — %, y) Iter, (%) dx; (1.10) 
y 
h(x, y) = [Nawalsy y ~ 1) hen (y) dy, 
0 
where 


hen (y) = yy BE OY <Y; 
” 0—in remaining cases, 


y = v,T. 


Expansion of the rate along the coordinate axes according to expression 
(1.9) at each given moment of time t is also possible in those cases 
when the rate is not constant, i.e., v = v(t). Specifically, when 
moving along axis x at constant acceleration ay, the characteristic 
Roy (*) has the following form [66]: 


05) ax at O0<x<a,T"; 


} = . 
tom (X) 0--in remaining cases. (1.11) 


During oscillatory motion when the period of motion coincides with the 
exposure time T, characteristic Doug! *) is written in the form [92] 


(Tin) 1 — at —Il<xc<h; 


0 —in remaining cases. (1.12) 


hoy (x) = 


Relations (1.7)-(1.12) express the relationship between displacement of 
the image to be recorded with respect to the photographic film and the 


11 








parameters of blurring. The operations of multiplication of the 
integrated spectrum of the image T(Nx, Ny, ft) by the complex frequency 
characteristic of blurring filter Toy! Nx» Ny) correspond to relations 


(1.7)-(1.12) in the frequency region by formula (1.6) 
T (Nx, N,, hi) = T,(N;, N,, ht) Tom (Nx, N,). 


Specifically, blurring caused by uniform displacement of the image along 
axis x by distance X by formula (1.7) is described by the following 
frequency characteristic: 


| sinaxN, 
Tom (Nx) <2 Fltox (x) _ wv! mxN y 





The equivalent frequency characteristic of the AFA corresponds to the 
equivalent scattering of ~he point of the AFA with regard to blurring by 
formula (1.8) 


TRDA (Nx, N,) —— Tawa (Nx, N,) T cm (Nx, N,). 


In addition to the complex frequency response curves, their normalized 
modules, called the modulation transfer function (FPM), will be used in 
the later sections of the book [81]. 


The equivalent modulation transfer function of the AFA is determined 
with regard to blurring by the following relation: 


TADA (Nx, N,) = T aoa (Nx, Ng) T om (Nx, Ny), 


where Tapa (Nx: Ny) is the modulation transfer function of the AFA 
without regard to blurring and Toy! Nx» Ny) is the normalized modulus of 
the frequency response curve of the blurring filter. 

The second part of the problem--establishment of the correlation between | 
the properties of displacements and structural parameters of the AFA--is 


considered in the next section. These displacements are generally 
different for different points of plane x, y. 
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1.2. Mathematical Description of Image Misalignment During Optical 
Observations From Moving Base 


General mathematical description of image misalignment. Let us consider 
photography from a moving base. Let fixed coordinate system Oxyz be 
related to the space of the observation objects (Figure 1.5). 
Coordinate system Oxoyozo is correlated with the moving base of the 
optical device. Let us use the following order of rotation of the 
moving coordinate system: yaw angle # in plane Oxy, pitch angle @ in 
plane Oyoz, and bank angle 7 in plane Oxoyo. If the angular rotational 


velocities are denoted by é, #, and y, respectively, the projections of 
the angular velocities of the base onto the axes of the moving 
coordinate system can be written in the form: 


Wo = 8 cosy bcos sin y; 
Oy = V+ Psind; 
Wr = 6 sin y -+ pcos O cos y. 


(1.13) 


Angular velocities ¢ xo, #yo, #20 Can be measured by gyroscopes that are 
oriented along the axes of the moving coordinate system and that are 
attached to the base. 











Figure 1.5. Coordinate System of Moving Base 
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Figure 1.6. Coordinate System of Subject 
Field and of image Field of AFA 


The orientation of the optical device on board is determined by the 
method of photography and can be given by two angles of perspective: 
laterally ¢ and downard g (Figure 1.6). 


Coordinate system 9Q’x,,y\:21. | bound to the optical device, is rotated 


with respect to the base by these angles. Let us select this 
coordinate system such that axis O’xn coincides with the principal 


optical axis of the device and so that axes O°Yy and O’2n be oriented 


along and perpendicular to the frame. The vector of the linear velocity 
of the center of gravity of the base can be represented in the form of 
its projection onto the axes of the base vxo, vyo, Vzo (see Figure 1.5). 


Let us consider the equations of motion of the system at initial moment 
of time when the axes of the base coincide with the axes of the fixed 
coordinate system, i.e., # = #@= 72:0. Let us place two additional 
coordinate systems, parallel to those tranaferred from point O to image 
field Ojxjyj2z; (Figure 1.6) and to the object field 9Q.,x,y,,z,,. Ome can 


then, with regard to the distance between the origins of the coordinate 
systems, write the coupling equations of the coordinates in two systems: 
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xy = H-|-zyctg @: 
l 


gn = — oH Fnyi: } (1.14) 


l 
Z2a.=—- 7 Fz 





where H — 0'0;;; f = 0'0;. 


Having differentiated in time the last two equations and having made the 


transformations with respect to variables yi and zi, we find: 




















u 
i= — 5-9 t Pee en (1.15) 
: 2r | 
a “ae tp " 
Making the transformation in equations (1.15), one can find: 
H 
x), = 
1+ —-2 cle 
H 
n= — “#4 rf (1.16) 
}(1+—actee) 
O. as Hz 
»e-— 
| (1+—actee) 
Having substituted relations (1.16) into equation (1.15), we find: 
; | , : l , 
=~ (1 + 2, cig ¢) ( Ou + a yen): (1.17) 


/ 
“H 
2;= — (1 + 4-2, tg 9) (+r én bap ttn). 





Projections of the angular and linear velocities of the base onto the 
axes of the device Q’x,y,,z,, can be found from the equations: 


T T. 
1x) yn) = M[Ox6yo%20] ’ | 


[0x1 U yj Pri] : =M [Uxoyotzo]” ’ ( 1. 18) 
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where T is the sign of transposition of the matrix, M is the matrix of 
the direction cosines; it is determined in the form 


‘COSPCOSG cosPsina —sin q 
M=]| —sino cosa 0 
sing@coss sing@sino  cos@ 


The motion of the base with respect to the object field is equivalent to 
the oncoming displacement of the object field; therefore, one can write: 


91, = — lyn — Xn@n | 2ZnOxn (1.19) 
. 2 = — U2) — YnOxn -F XNMyn- 


Having substituted relations (1.16) into equations (1.19), we find: 











. H 2 
Xi = -- Uxil 2 (orn o + wy) ’ 
I + cle 
; H 2 
Yi, = ~~ Cun >> ; (- sn —_ om); (1.20) 
1 -} + cleg 
. H Yj 
2), > -- Cry - rs -(@pn - eg). 
I ba cteg 








After substitution of relations (1.20) into equations (1.17), one can 
write 


Yi = Agy; | Azyi -1- Aoyiz: -}- Ayzy 4- Ao; 


, (1.21) 
2; = Byzj -|- Bsz; -|- Boysz; |- Byy; -|- Bo, ' 


where 





Uyil , 
Ay = @x1) + woe clg q; 


A,=f WT fosits 
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Having denoted the flight altitude by Ho, we find 


H = H,Jjsin @. 1.88) 


Having substituted relation (1.22) into expressions (1.21), we find the 
following values of the coefficients of the equations: 


yil 
Ay =i Sug on); 
v 
, oll 
A, = Oy, | ZF COSY; 
Ho 
1 "xt 


A, =F »* yn); 


Hy / . (1.23) 


v 
n bad 
A; = =sing; A,= —; 





vu 
By = IH, sing | Oyun); 


®t. 


By = — ni By = >: 


1 ; ae 
Bs = = (Cen SING -{- x11 COS); 





1 ("xt 
B,=—+ (Ft! cos —~- Wyn). 
i . 


Thus, the rate of shift of the image is determined by equations (1.21) 
and is dependent on the position of the element of the image to be 
considered with respect to the center of the frame and also on the 
angular and linear rates of displacement of the base, on which the 
device is mounted. 


Besides the indicated factors, the shift of the image is also determined 
by the mutual displacements of the optical components of the device 
(objective, mirrors and so on) and these displacements can be both those 
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to be checked and random in nature. A series of these displacements can 
be used to stabilize the image. 


Analysis of equations of image misalignmentfor case of frame and slot 
aerial photography. The type of matrix of direction cosines M is 
determined in equations (1.18) by the orientation of the optical device 
with respect to the moving base. Al] the components of the optical 
system of the AFA are fixed with respect to each other during frame 
aerial photography, while the principal optical axis of the AFA is fixed 
with respect to the base and is rotated by perspective angles 0 < @ ¢ 

<¢ 90° and 0 < » <¢ 90° with respect to the base. 


The equations for the rates of misalignment of the image can generally 
be found by substitution of equations (1.18) into equations (1.21). Let 
us consider a number of widely used versions of orientation of the AFA. 
Let us assume that photography is from a base, moving horizontally to 
velocity vyo, i.e., let us assume that vxo = vzo = 0. 


Vertical frame photography (frame along axis Oyj). In this case, the 


perspective angles correspond to equalities g@ = 0, # = 90°. For the 
matrix of direction cosines from equations (1.18), we find: 


00 —1 
mM=]0 1 Of, (1.24) 


| 0 0 


Let us find the projections of the angular and linear velocities of the 
base onto the axes of the optical device and let us substitute them into 
shift equations (1.21). We find the following functions: 


y 





ii = yi #2 — 2;0)20 + yo — [x03 (1.25) 
=<—— 7 a + yi2i - YiMxo + fOyo- 





For vertical frame photography with the frame arranged along axis OZ; 
(¢ = 90°, y = 90°), by analogy, one can write: 


Wxo 


_ 2 yo “xo — @ z; — fo ° 
Yi = Yi =- + ij Yiri z0“i yo (1.26) 


@, . 
2, = 21+ yet + Wroys — [Oxo +17, 





Perspective frame photography laterally (¢ = 0, 0 ¢ ¢ ¢ 90°). For the 
matrix of direction cosines, instead of equations (1.18), we find: 
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cosp 0 —sing 
mer? } 6 68 hl (1.27) 


sing 0 cos® 


The equations of the image misalignment can be written in the form: 


y? :; Oyo 
ae (Mo SIN j- @,, COS) — Y 2; > + 
“+ 2¢ (xo COS P — Wao Sing) + z,-¥° H, C89 -+ 
(1.28) 


0 om SIN |- Wo COS); 


2, = — 2 + HE (wg, sin @ + Wyo COS) — 





- ~~ COS (Pp — Wz sin 9) + fay. 


Perspective frame photography forward (¢ = 90°, 0 $ g $< 90°). We find 
for the matrix of direction cosines: 


0 cos —sing 
n-|— 0 0 . (1.29) 


) sing  Ccos@ 


The misalignment equations are written in the form: 


2 
j,= 3 (Wy. SIN ® + @1o COS p) + 


; 1.30 
+ 4 ae A, 20 + wet (a COS? &p | Wso ) + ( 
+ 2 (Myo one — Wyo SiN P) — (f@yo SiN + f@z9 COS ); 
2 0 Uyo nm 
2; = + (Fro sg @xo) + 21 Fe SN 2 er 


+ Ht (O40 SIN -|- Myo COSP) f+ Ys (Mz SIN — Wyo COS f) 1- 


+f (+. sin? Wzo ) ° 
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Characteristic features of image shift equations during slit 
photography. The above expressions for verticai photography are also 
valid for slit photography. The film is exposed through a narrow slit, 
located along axis Ozj, near the focal plane of the objective. If the 
width of the slit is small compared to the width of the frame, one can 
assume that yj = 0 in the expressions found for vertical photography. 


We then find for vertical photography (¢ = 0, p = 90°): 





In the case of different orientation of the AFA (¢ 
have: 


90°, g = 90°), we 


Yj == —- W292i Feyo' 
7 (1.33) 
b, = 2 82 | a [Oe0- 


i 


Other types of orientation during slit photography are rarely used in 
practice. 


Analysis of equations of image shift for panoramic aerial photography. 
Let us consider the general case of vertical panoramic aerial 
photography. Let the panning be carried out by rotating the principal 
axis of the optical device about axis OZnn (Figure 1.7), rotated by 


angle # with respect to the axes of the device about axis Oyn: Let us 


denote the panning angle by @. Transition from the coordinate system of 
the base to a coordinate system, bound to the instrument, Oxn¥n2n is 


achieved by sequential rotations by angles ¢, » + f#, a, and (-f). 


Thus, we find for the matrix of direction cosines: 


cosB 0 sinB cosa sina 0 
0 | 0 —sina cosa O]~ 


—sinB 0 cosB 0 0 1 


cos(p-+B) O —sin(p | B) coso sino G 
x 0 l 0 —sino coss 0 


M = 
(1.34) 





sin(p +B) 0  cos(@-|- B) 0 0 | 
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We generally find for matrix M: 


My, My My 
M =| Mg, mag fgg | , 
M3, INgg M33 


where 


m, = cosacosfhcosacos(p + B) — cosPsinasino + 
+ sin B cos o sin (p + B); m, = cosa cos sinocos(p + §) + 
+ sinacosBcoso -+ sinBsinosin (@ + B); my = sin B cos x 
x (p 4- B) — cos a cos B sin (p + B); mz, = —sin a cos 0 cos (@ 4- 
-++ 6) — sino cosa; m, = —sina sin ocos (p + f) + cos acos o; 
Mo, = Sina sin (p + B); ms, = —sin B cos a cos o cos (p -+- B) + 
+ sina sinBsing -- cosfhcosasin(@ -}-B); mg = — sinB x 
4 cosa sin 6 cos (@ -j- 6) —sin asinB coso +-cosfsin osin(@ +); 
m3, - sin pcos asin (p + 6) + cos f cos ( +- 6). 


In the special case, when the panning axis coincides with axis 02y 
(f = 0), we find 





cosacosacos— cosasinocos@ + —cusasing 
—sinasine + sina cosa 
M =| —sinacosocosy— —sinasinocosp-+  sinasing (1.36) 
— sinocosa +- cosa cosa 
COs oO sin @ sino sing COS 





The film is exposed during panoramic photography through a slit, while 
the film itself can be displaced with respect to the axes of the device. 


Moreover, the angular rate of panning a, the vector of which is directed 
along axis O2zn) will be projected onto the axes of the device Oxy nZ 


therefore, instead of equations (1.18), we find 


. * 
Wei = Og | asin B: 


(1.37) 


bd . 





Ost = Wn 4- acos Bp. 


21 























Figure 1.7. Coordinate System of Panoramic Aerial Camera 


Moreover, for panoramic photography, instead of expression (1.22), it is 
easy to find the relation 





H = H,V 1 -- tg*acos* B/sing, 


or at f = 0 


H = H,j(sin @ cos @). (1.38) 


Having substituted this expression into equations (1.21), we find the 
following values of the coefficients instead of (1.23): 


Uyn : 
Ay = Iz. sin @ COS ~- fon: 


Ay = @x1 + Hl cos ¢ cosa: 
° (1.39) 


Veil yl , 
Ag = [ 77, cos@ cosa <a 





xt : an ®:n | 
3 =F, Sing cosa, Ay= r 
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By = foyn +f “fii sin «pcos a 


B, = “ji! sin p cosa. |- “it! cos cosa 


__ Sun 
B, = Fit cos p cosa Tt 





Let us consider the different. versions of orientation of the device with 
respect to the base. 


Vertical panoramic photcgraphy (¢ = 90°, y = 90°). For matrix M, we 
have 


—sinacosB —- sin 2B (1 — cosa) —(sin?B + cosa cos? B) 





sina sinB cos? B -+- cosa sin® B — + sin 2p (1 — COS a) 





At § = 0, instead of matrix (1.40), we find 


—sine 0 —cosa 
M={—cosa 0 sina |, (1.41) 


0 l 0 


Let us assume as before that vxo = vzo = 0. 


Taking into account that one can assume that yj * 0 during panoramic 
photography (the same as during slit photography, we find for the image 
misalignment equations: 


41 = — 21 (xo SIN & + Wyo COSA) — f (Wyo -|- &); 


2, = Jf 


z 
i = > (Wx, COS% — w,, Sin aw) + ala 





+n coe 
H, Yu» COSA — fx COS a +- Foz, sina. 
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Forward panoramic perspective photography ( = 90°, 0 < y < 90°). In 
this case (f = 0), the matrix of direction cosines has the form 





—SING®  cCcosacosp —cosasin ‘p 
M =| --cosa —SIN@COSP = sinasing |. (1.43) 
0 sin COS —~p 


The misalignment equations are written in the form: 


Yj = 2; (— Wxo SING -|- Wyq COSH COS P — Wyo COS & SiN | -— 


so . a= a» ae t S () —/W,. Sin — 
21> Fy, 608 p sin 2a — A, Sint 200 in 2p — [yo sin p 
— fo,.cosp — fa; 
3 ee Leer cos? a 
oT ee | 
2 
27 : ‘OS rosinasing) | 
+ F- (xo COS a | Wyo SI & COS ¥ Wr SULA SIG) | 
(1.45) 


u 
+ 2177, COS cosa (sing -}- sin @cosa@) +- 
-+ 5H, Yv0 sin 2a sin p -|- f(— @x_ COSa — 


— Wyo SINGCOSP | Oz, SING Sin |) 


Panoramic perspective photography with leveled horizontal line (¢ = 90°, 
y +f =0). The matrix of direction cosines is generally written in the 


form 


—sinacosa cosacosp — sinB 
M— — Cosa —sina 0 ; (1 46) 
sinasinf§ —sinicosa cosh 


In the special case (at f# = 0), the image misalignment equations will 
assume the following form: 
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Yi = 2% (Wyo COSA — Wey Siti a) — 


Yyo i . 
2 
2 
2, = + (Mg COS & -}- Wyo Sil a) +- | 


(1.47) 


yo eg 
+ 2; 77, cosa — f (®xo COS H |- Wyo SING). 





Panoramic perspective photography with leveled verticals (¢ = 90°, p + 
+ § = 90°). For matrix M, we find in this case 


—-sinacosp sinB —cosacosf 
M = — COS & 0 sina (1.48) 


snasinB cosB cosasinB 
In the special case, § = 0 
—sina 0 —cosa 
M={—cosa 0 sing |. (1.49) 
0 l 0 


Vertical panoramic photography along flight line (¢ = 0, y = 90°). For 
matrix M, we find 








+ sin 2p(1-— cosa) sinacosp  ---(sin? fp |- cosa cos? p) 
M=| (sinasin Bp — cosa) COS @ sina cos B alba 
(sin? Bcosa !-cos?a) —sinasin — = sin 2B (1 . cosa) 
In the special case at f = 0 
0 sina —cosa 
M=|-—-cosa cosa sina |, (1.51) 
cos? a 0 0 


We find for the misalignment equations: 
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: U . 
Yj = 2 (Wyo SiN & --- Wz, COS @) -|- [ 7, 008 a— fox cos? a — fa: 


2 
2° 
2) =F (My COSA — Wy COSA — My SIN.) | (1.52) 
2; Yyo 9 , 
+- > TF, sin 2a --- f (Wyo COS& — Wyo COSA — Wyo SiN G). 



























































Table 1.1 
(1) 
Bua chemKi 6 q Vi 2; 
(2) ° 
Kaaposaa 0 o0 [yo/ Ho ° 
n.1aHoBan 90° 90° 0 Joyol He 
(3) Yyo /.. 
Kanposan 0 |0<g<| / i, ( sin p+ 0 
nepcnektHBian < 90° ° 
BOOK 4 +} cos v) 
(4) Uv v 
Kaaposaan 9° |0<g< Yi 7 cos x [=~ (+ cos @ + 
nepcnekTHBHas < 90° ’ . . 
Bhepe o (sin p -+- + cos v) -{- sing), 
Ilanopamnan | 90° 90° yo 
NAAHOBAR ¢ ) ° i Ho =e 
Manopamuan 90° |0<g<] _ ft yo sin 2p X f yo Fi gs x 
ee yf < 90° 2 Hy Hy f* ? 
Bnepen (6 
x cos @ ( sing + x cost a + =F cos @ x 
fi X cos a (sina + 
1 i] cose ] + cos a sin @) + 
+ > sin 2a sin p 
\é 
Ilanopamuaa | 90° 0 f "yo Yyo 
C BbIPOBNeHnoii 7 AR sin 20 7 ~- 
0 0 
aHnHeR ropit- 
301ITa 
enepeunes 0 90° j Yyo cos* a 2; “yo sin 20 
BOb JIHHHH H 2 Ho 
noneta 
KEY : 
. Type of photography 6. Forward perspective panoramic 
. Vertical frame 7. Panoramic with leveled 
Lateral perspective frame horizontal line 


Forward perspective frame 8. Panoramic along flight line 
Vertical panoramic 


On & WwW Ne 
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The formulas for determination of the image misalignment, caused by the 
flight speed of the base, are presented in Table 1.1 for different types 
of photography. 


1.3. Methods of Active Response to Image Misalignment for Stabilization 
of It During Optical Observations 


Let us arbitrarily present an optical system in the form of separate 
components, located at specific distance dj with respect to each other 
along optical axis Ox. By considering the path of a paraxial beam in 
the system, one can state that the parameters of the beam A; undergo 
variations only upon passage through the principal planes of the optical 
components (Figure 1.8). The nature of variation of the beam parameters 
upon passage of the beam through each optical element. can be described 
by optical arrays [28]. The beam parameters A, before passage through 
the i-th element and the beam parameters Aj;,; after passage are linked 
by the equation: 


Ai,, = m;A,. (1.53) 
Here #; is the transformation matrix of the beam by the i-th element; 


T. T 
Ai = l2pyiMiPil > Ain = [ZiaYiar%at Bia) > 


where zi, Yi, 4\, and f; are the beam parameters Aj. 























Figure 1.8. Layout of Optical System of Device 
Let the image be checked in plane 0), \y,,:Zn\1- 


The beam parameters in the image plane are then determined from the 
expression 


Ans = (IT pi) Ay, (1.54) 











Not only the matrices of the optical elements, but also the 
transformation matrices in the space between the elements are taken into 
account in the product of the matrices. 


When using radial matrices [28], the beam parameters in the i-th plane, 
perpendicular to the optical axis of the system, are characterized by 
coordinates yi, zi of the point of intersection of the plane by the beam 
and by angles fj and a; of the inclination of projection of the beam in 
the meridional and sagittal planes, respectively. Rotation of 
coordinate axes Oxyz of the base, on which the optical system is 
located, can be described with respect to the coordinate system, bound 
to the observation object Ox#é, by the matrix of direction cosines. 


If, for example, the order of rotation of the coordinate system of the 


base is assumed as follows: yaw angle @, pitch angle #, and bank angle 
gy, one can write at small angles 


x 1 —O wp ][x 
y|=] 0 1 —p]iy. (1.55) 
a. —)P ¢@ 1 JL 


The linear displacements of the input beam can be reduced to the 
corresponding angular misalignments; therefore, one can assume that the 


input beam intersects plane 0;z,;y; at the origin, i.e., A, = [00 f; a]. 


Using equation (1.55), we find 








—_ 04-Pi—9m% . 
Be = | — OP, 4- Yo, ’ 
_ m+ ofr 
Oo = TOR: -F pm | 





At small angles a; and §;, we have 


A, | dA, = [0 0(Bi ; 9) (1 ~ 7) he 


where dA, = [0 0 6 — IT. 


Thus, variation of the position of the optical system in space can be 
represented as equivalent variation of the coordinates of the input 
beam. 


The matrix of transformation of the beam coordinates by the space 


between the i-th and the (i + 1)-th optical elements can be written in 
the form 
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| Ni itty () 


_ 0 | 0 —- iy 
m~10 0 | () 
00 0 | 


If matrix #; varies by the value dgj, the variation of the beam 
coordinate in the plane of the next element can be written in the form 


Ain. -+ dAja = bee + dl Ae 
Hence, 


dA; ,, = (d;] Ay. (1.56) 


If all n transformation matrices vary simultaneously, then we find for 
the beam coordinates at the output of the n-th element 


Ans -|- dAny, = [Mn | Attn lings -} dys]. [pty | duty} (A, ° dA,). 
Disregarding second-order terms, we have 


" 


n j=l 
dAna = ( IT yn, (dys) | IT ny, | A, + 
wt \ gmp im | 


(1.57) 


+ (TT p,) aay; imi, na; jai, a. 
i=! 


If the beam at the output of the n-th element contains information about 
the controlled image, its parameters should remain fixed and the problem 
of stabilization reduces to fulfillment of the condition 


dA,,,;—> 0. (1.58) 


We find from equations (1.57) and (1.58) 


») ( n Hy (dj) | n UF ) 2 on | ity dA\Aj.. (1.59) 
fect deft fe i: 
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Let the image be stabilized only due to variation dg, of the k-th 
matrix. We then have from equation (1.59) 


ko k-1 
dite = — (My) dA, Az! (TT a 
Hence, 


b k-1 (1.60) 
dp, = — | Miu dA\A\ | Tn ), 


If the parameters of matrix dg, can be varied and if the reaction matrix 
B that leads to these changes is known, we find at small deviations of 
the parameters from nominal values instead of equation (1.56): 


i 
dA; 4) = Bary Naa At | a5 | B ;. (1.61) 


For most optical elements, assuming that the angles and misalignments 
are small, one can assume 


0 
OA, (atl on (, 


i.e., one can assume that the parameters of the transformation matrix of 
the element are independent of the parameters of the input beam. 
Expression (1.59) then assumes the form 


( Tu) aa, -- 3h 1,G,B,), (1.62) 


(=e? \ i= 


where ¢G — ldu;| is a matrix of the coefficients of the sensitivity 
ON jj 
of the parameters of matrix yj to reactions Bj;. 


In the special case for variation of the parameters of only the k-th 
element of the system, instead of equation (1.60), we find 
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n ad - 
B, = — (Tn, (G,)"! (i ni} dA;. (1.63) 


Expressions (1.60) and (1.63) permit one to estimate the sensitivity of 
the optical system to variation of the parameters of the elements 
comprising the system, even at the phase of selecting the optical layout 
of the device and, thus, to select the most efficient version from the 
viewpoint of the stability of the entire device. On the other hand, 
these expressions permit one to determine the parameters and order of 
arrangement in the optical circuit of the controlled elements for 
achieving the greatest control effect with least expenditures of energy 
and retention of the stability of resolution of the entire optical 
device. 


It is obvious that a multicircuit and multiconnected stabilization 
system using two or more contro] elements in the optical] circuit. can be 
employed to stabilize the image under conditions of significant 
variation of the parameters of the input beam over a wide frequency 
range. The functions of processing slow misalignments, significant in 
value, and of processing insignificant misalignments, but rapid in 
value, are divided among these elements. 


Thus, the problem of image stabilization upon variation of matrix A, 
reduces to formulation of matrix Bk according to equation (1.63) and by 
which the compensation displacements of the k-th element of the optical 
system are also determined. This problem is solved by using automatic 
stabilization systems. 


1.4. Example of Analysis of Image Shift in Optical System 


Let us consider the simplest optical system, consisting of a deflecting 
mirror (OZ) and photodetector (FP), mounted on a common base. Let us 
assume that the base has angular displacements with respect to the 
object of observation. Let us link to the optical device the coordinate 
system Oxnyozo (Figure 1.9, a), and axis Oxon coincides with the incident 
beam. The angular displacements of the base with respect to this 
coordinate system can then be described in projections of angular 
velocities ¢xo, @yo, #20. 


Let us consider the motion of a central beam that links the center of 
the original and the center of the image on the photodetector. 
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Figure 1.9. Variant of Attachment of Mirror to Outer 
Gimbal, Oriented According to Reflected Beam: 
a--coordinate system bound to deflecting mirror; 
b--gimbal of deflecting mirror 


The nature of motion of the central beam along the photodetector will be 
determined by a number of factors: by displacement of the base, by 
displacement of the photodetector and deflecting beam with respect to 
the base, and by the design of the assembly for attachment of the 
deflecting mirror to the base. Let us consider a version of attaching 
the deflecting mirror in a gimbal suspension (Figure 1.9, b), which 
permits one to rotate the deflecting mirror by angle a; about axis Ozo 
and by angle @) about an axis perpendicular to the deflecting mirror 


(axis OYo). If these rotations occur at angular rates 'T and a9, 
respectively, one can then write for projections of the angular 
velocities of the mirror onto axes OxoyoZo 


Oro = Wyo — Bg SIN}; 
| 


Mo == Wzo “+ G1. 


(1.64) 


Transition from one coordinate system to another is achieved by using 
the matrix of direction cosines, which is the product of the matrices of 
sequential rotations about axes Oxy) Oyn» and O2zn: 
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P ] 0 0 - cosa 0 —~sjina- 
x(4)=]0 cosa —sinag |: Mj(a)=] O | 0 } 


0 sina COS & sina 0 COS a 
cosa sina 0Q- 
M,(a) = - sina cosa Of], 
0 0 1 


To switch to coordinate systems, bound to the mirror 0x37 323, we find 
the matrix equation 


[430 )3023]" = Mn (a;) (WxoWyoW20]", (1.65) 


where 3, 0,3, @,, are projections of the angular velocities onto axes 


Ox37323 : and 


Mj, (,) = M, (a) M, (a4) = 





COSH, QO —sin a, COSa, sina, 0 
-| 0 1 0 - sina, cosa, Of = 
Sind, 0 COS Ge J] 0 0 I 

‘COS G, COSA, Sina, COSa, — SiN a, 
= | — sina, COS Gy 0 
COS G, SiN &, Sina, Sin a COS Qe 


It should be noted that axis Oxg coincides with the perpendicular to the 


surface of the mirror; therefore, the component of the angular velocity 
of the mirror #3 does not result in motion of the beam reflected from 


the mirror. On the other hand, according to the law of reflection, the 
angular rates of displacement of the reflected beam along axes Oy4 and 


Oz will be twice as much as the corresponding angular velocities of the 


mirror. Thus, for projections of the angular velocities of the 
reflected (i.e., output) beam onto the axes of the mirror Ox49 424, one 


can write 


[Orn Oyn@zn]" == [0 2my,3 20,3)". (1.66) 
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To find the projections of the angular velocities of the output beam 
onto axes Oxoyozo, one should multiply expression (1.66) by the matrix 
of direction cosines, which fulfills the inverse transformation compared 
to matrix Malai)» i.e., 


[co2,c09,002n)° = Mn (a;)|0 2,3 2023)", (1.67) 





where wy, @n, 2, are projections of the angular velocities of the 


output beam onto axes Oxyyp273 


Mj; (@;) = M, (— a) M, (--— a) = 


‘cosa, - sina, 0 cosa, O sin as 
=| sin a, cosa, 0 0 | 0 = 
0 0 1}]—sina, O cosa, 
COS&@, COSA, —SiNG@, COSG, Sill & 
= | sin a, COS Q» COS &, Sill Gy Sil &, }. 
— Sil @, 0 COS &» 


Multiplying out expressions (1.65) and (1.67) and having substituted 
relation (1.64), we find 





Wxg = COS & COS Hp (Myo ~- Ag Sin a,) | 
+ SIN @y COS Og (Wyq -|- Ay COS &) — Sill & (W,, -+- Gy): (1.68) 
Oya = — SIN Ay (Meg -|- Ag SING) | COSA, (1 GCOS a): } 
Wy = COS Gy Sill A (Wx, — By Sit) &) -4 
| SUN Gy SIN Og (Wyo -|- Gy COS G,) | COSA, (W,, -| 4); 
Wen = — Wy; SiN A | 2wzy COS &) SiN Be: (1.69) 


(Wyn = Wy, COSA, | 2g, Sil & SiN 2% 





Wen = 2W23 COS Ho. 


Having substituted matrix (1.68) into relations (1.69) after certain 
transformations, we find 
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Oxn = Wyo (2 sin” a -}- 2.cos” a sin’? a») + 
+ @yo (— 2 sina, cosa, -|- sin 2a, sin? a) + 
+ zo (COS &, Sin 2a) -+ @, COS a, sil 2a, — 

— G@,2 sin a; 
Wye = — Wyo (sin 2a; cos” a) “fo 
“+ Wyo (2 cos? a, |- 2 sin? a, sin®a,) -|- 
“+ Wz SIN @, Sitt 2a, -+- Gy Sin a, Sin 2a, -j- 
+ Gg 2cos a; 
zn = Wo SiN 2x2 COS 1 4- Wyo Silt a; Sin 2er9+ 
-++ @y92 COS* &, -|- G, 2. COS? ay. 


(1.70) 





Blurring of the image on the photodetector will be determined by the 
difference of angular velocities of the beam, impinging on the 
photodetector, and by the photodetector itself. If the photodetector is 
attached to the base, it moves with the angular velocity of the base 
with respect to the object of observation. Thus, projections of the 
angular rates of blurring of the image onto axes Oxnyozo can be found 
from the expressions: 


oO o ° 
(U6x = Wyn — Oxo, ( 1 71 , 
ef 


0 o ; 
Wy = Wyn — Oyo, | 





Q o 
6z => Wan om Wao. 


It is obvious that the problem of stabilization of the image will be 
written in the form: 


8 = 0; 
_ | (1.72) 
05, = @. 





To guarantee equalities (1.72), ome can select the corresponding angular 


velocities with respect to rotation of the mirror @, and a. A more 
effective method is introduction of the corresponding angular 
displacements of the photodetector or of the entire optical system with 
respect to the base. The projections of the angular velocities of the 


photodetector onto axes OxoyoZo, i-€-, wy, wp, O% Should be 
substituted into expression (1.71). 
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Figure 1.10. Variant of Attaching Mirror to Outer Gimbal, 
Oriented According to Incident Beam: 
a--coordinate system hound to deflecting mirror; 
b--gimbal suspensi«i: of deflecting mirror 


The basic element of most optical systems is the objective, mounted in 
front of the photodetector such that the photodetector is in its focal 
plane. The angular displacements of the photodetector are rational only 
about the principal axis of the objective, while the other angular 
displacements of the photodetector can be reduced to linear 
displacements in the corresponding directions at velocities Yo This 


motion is equivalent to angular displacement of the vector at velocity 
“% 9 = vet where f’ is the focal distance of the objective. The 


corresponding projections of vector “% 9 are substituted into expression 
(1.71). 


Let us consider other versions of a design for attachment of the mirror. 
A coordinate system and the design for attachment of the deflecting 
mirror, corresponding to this system and corresponding to the order of 
rotation, are shown in Figure 1.10, a and b. As before, let us assume 
that the light beam from the object of observation coincides with axis 


Oxy: 
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Figure 1.11. Variant for Attachment of Mirrors: 
a--coordinate system bound to deflecting mirror; 
b--gimbal suspension of deflecting mirror 


For this case, instead of expressions (1.70), we find: 


Wxp = Oyn2 (sin? a, — cos? a, sin’ a2) — Wy112 COS Gy SiN a Cos’ a? - 
+ Wz1) SiN 2a, COS? a, — G12 COS &, SiN Oy COS? ay -}+ G_2 sin a, 
Wyn == Wxyy (--- 2 COS Go COS GY SiN Ao) | wyy2 COS’ a» 
4- @24)2 Si Gy SIN Mg COS Ay -| G2 COS? ay: 
ze = War (Si 2x; COS 2a) -}- My (2 sin a, sin a2 cos’ a2) | 


+ Wgr)2 (sin? a, sin? ag -}- cos? a) -}- 





+ G, (2 sin a, sin @, COS? @_) }- G,2 cos a). 


(1.73) 


By analogy with equations (1.72) and (1.73) for the case shown in Figure 


1.11, a and b, one can write 


0 a , 
Ove = Oxqy2 SiN G2 | yyy (-— Sit, sin Qos) | 
2 sin? a: 


“+ My, (COS G, sin Qa) 
9 9 
2 sin” a cos” a) — 


oO _ ai 19 4 
Wyn = Wet (— si Sin Qa) | Wy (2 cos” a 
sin 2a, COS? &) | 


— W,,, (Sill 2a, 
-; Gy (—— sith, sin 2a) |- Gg (2 vos a,); 
COS a») | 





o P , 
Mp = Met (COS &; SiN Zee») | wt Sitt 2, (A 


| Myr2 (COS? a, COS* &_ sit! xy) | Gy (COS, Sin Qorg) | Gy2 sinery. 


37 





(1.74) 





Chapter 2. Principles of Image Stabilization 


2.1. General Principles of Image Stabilization for Different Optical 
Systems 


Various optical devices, mounted on a moving base and requiring the use 
of an image field stabilization system, are ordinarily recording 
devices. Photographic, television, image converter, and other image 
detectors are used as the image recorder in them. In this regard, these 
systems will be further designed on examples of recording-type 
apparatus, specifically, on examples of AFA. 


Misalignment of the image by two of its coordinates, caused by 
displacement of the optical device in space, can be compensated by the 
following basic methods: 1) by displacement of the camera objective, 2) 
by displacement or rotation of the reflecting or refracting optical 
elements contained in the device, and 3) by displacement or rotation of 
the optical elements, additionally introduced to the layout of the 
device to compensate for misalignment of the image, and 4) by 
displacement of the image detector. 


The problem of selecting one or another method of compensation is 
determined by analysis of alternative variants of making the image 
stabilization system. This problem can seemingly be solved without 
introduction of additional elements into the optical layout of the 
device. However, an increase of the energy expenditures and of the mass 
of the device, related to introduction of a stabilization system, at 
high intensities and broad range of displacements of the base, is mainly 
dependent on the coefficients of inertia of the moving elements of the 
optical system. Those solutions at which these values would be minimal 
must be used. It follows from the foregoing that additional elements 
with small coefficients of inertia, specially designed for 
stabilization, can be introduced into the optical circuit. 


Let us consider the design principles of optical systems with 
stabilization of the image field on examples of various types of known 
cameras. 


1. Misalignment of the image can be compensated in cameras with flat 
image field, without resorting to additional optical elements, by 
displacement of: the objective in two coordinates, the film holder part 
containing the film, or an leveling table with segment of the 
photographic film on it also in two coordinates. The mass of all three 
image misalignment compensation devices can be estimated in the first 
step of analysis of alterative solutions and the problem of selecting 
the best variant can be solved. 
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Introduction of additional compensating elements of the mirror, prism, 
wedge and other types can be substantiated for all types of cameras only 
if the mass of the introduced compensation assembly is related to the 
mass of the variant selected from the above three variants as 1:2 or 
less. 


2. Misalignment can also be compensated by several methods in cameras 
which take photographs by a scanning system or without it on fixed film, 
arranged on a cylindrical surface, for example, in panoramic AFA, in AFA 
of PACA-70 type (the Netherlands), and in cameras with special 
wide-angle objectives: a) by displacement of the objective parallel to 
the generatrix of the cylindrical surface of the leveling table 
containing the film, b) by displacement of the film holder part in the 
same direction, c) by rotation of the film holder part about the 
cylindrical surface of the leveling table, and d) by additional rotation 
of the scanning element about the scanning axis. 


3. The objective in cameras with spherical image field may not be used 
as the compensation element in the image stabilization system. The 
image can be compensated only by angular rotations of the leveling table 
containing the film about the central axes of symmetry of the spherical 
surface of the image. 


The problem of selecting the element of the optical system, by which one 
should compensate the image misalignment upon misalignments of the base, 
is one of the problems of designing the stabilization system. Other 
problems are related to the principles of designing automatic 
stabilization systems and to database organization and management. 

Those systems in which the possibility of a direct check of misalignment 
of the device together with the moving base provide the best database 
organization and management. 


The design principles of automatic image stabilization systems and the 
models of optical systems for different types of cameras are similar. 
The difference is only in the methods of displacement of the 
compensation elements, of the selected alternatives and in the 
properties of the given type of camera. This representation can also be 
made for other image detectors, such as television camera tubes, IR 
detectors, and solid-state structures. The shapes of their light- 
sensitive surfaces can be the same as the shape of the film on the 
leveling table of the camera. For this reason, image stabilization 
systems can be made similar to each other. However, one should note 
that misalignment of the image can be compensated using television 
receivers and image converter tubes not only by moving the entire 
detector (as was considered in the example of a camera), but also by 
acting on the speed of the reading electron beam (in the case of 
television camera tubes) or on the control readout signal (for solid- 
state image detectors). However, the functional diagrams of control of 
image stabilization devices remain the same. 
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Figure 2.1. Generalized Functional Diagram of 
































Optical Device 
KEY: 
1. Recording device 5. Base 
2. Optical circuit 6. Misalignment of base 
3. Moving elements 7. Control system 
4. Photodetector 8. Base stabilization device 


Most existing image stabilization systems are based on the use of 
information obtained by one or another method about the current. value of 
the parameters of motion of the base. 


Data on misalignment of the image can obviously be found only 
indirectly. 


Let us consider a generalized functional diagram of an optical device 
(Figure 2.1). An optical signal Bo.¢ is fed to the input of the optical 


circuit (OTs). The motion of the image in the focal plane of the 


objective is characterized by vector Vas Vector Ve of the motion of the 


photodetector (FP) together with vector Vu yields the vector of the 


difference motion Av, which in turn is fed to the recording device (UF). 
The film (together with the shutter), a solid-stage image sensor and so 
on can be used as the image recording devices. 


A shift of the image 6 on the recording device is determined not only by 
the parameters of vector Av, but also by the characteristics of the 
recording device. 


One of the main causes of misalignment of the image is the motion of the 
base O due to perturbations B 0° The vector of motion Yo is determined 


by using the parameters of motion of the base. The parameters of this 
vector are calculated by the base misalignment meter (IS) and are 
delivered as the control actions on the controller (KU) of the motion of 
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the moving elements (PE) of the optical circuit and photodetector. To 
do this, the controller generates compensating motions Vel and Veo" For 


partial compensation of the image shift, the information at the output 
of the base misalignment meter can be used as the base stabilizer (USO). 


It follows from the diagram presented in Figure 2.1 that the image 
stabilization system is designed in the given case on the open principle 
and may not be used effectively to compensate for perturbing effects By 


and Ba on the optical circuit and the photodetector, respectively. The 


errors of the base misalignment sensor result in uncompensated errors of 
the system as a whole. 


The obvious deficiencies of stabilization systems, designed on the use 
of data on displacement of a moving base, resulted in the need to 
develop essentially new approaches. 


One of the natural directions of improving the accuracy of image 
stabilization is design of a system using data directly about the 
misalignment itself. 
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Figure 2.2. Generalized Functional Diagram of 
Optical Device With Image Misalignment Sensor 


KEY: 
1. Recorder 5. Image shift sensor 
2. Optical circuit 6. Photodetector 
3. Base 7. Control system 
4. Moving elements 


A generalized functional diagram of this device is presented in Figure 
2.2. The previous notations are retained in the figure. An image shift 
sensor (ISI) is used to measure the current value of the parameters of 
difference motion Av. It follows from the given functional diagram that 
the image stabilization system becomes closed upon difference motion. 
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This circumstance permits effective suppression of all perturbations 
acting on the system, regardless of their physical nature. 


High requirements on accuracy and speed are imposed on the image shift 
sensor as on the element of the closed image stabilization system. It 
is obvious that the range of measured frequencies of variations Av 
should exceed severalfold the highest frequency of the perturbations 
acting on the system. The motion of the base v 0 is ordinarily the 


strongest perturbation, while an image stabilization system can 
rationally be structured on the combination control principle for 
partial suppression of this perturbation. Both of the above principles 
are combined in the control system. 
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Figure 2.3. Block Diagram of Formulation of 
Image Displacement 


Obvious causes of the image displacement of the optical device are 
mutual displacements of the base of the device and of the object of 
observation in inertial space. This situation can be reflected in the 
block diagram as the effect of the vectors of displacements of the base 


xno and of displacement of the object of observation x 0.H OM the 


elements of the optical system (Figure 2.3). The matrix of the transfer 
coefficients of the elements, fixed with respect to the base of the 
device, is denoted by K"» ¢! while that of the moving elements is 
denoted by K" 5 c° It is obvious that the effect of vector Xo . is equal 
in value and opposite in sign to the effect of vector Xn.g oF all 
elements of the optical system simultaneously. Additional displacements 
of the image can be achieved by introducing base displacement devices 
(UPO) and moving element displacement devices (UPE) with matrices of 
transfer functions Wypo!P) and W pp! P)» respectively. Control signals 


gi and go should be delivered to the control inputs of these devices. 


The problem of stabilization reduces to fulfillment of condition i 


= 0, i.e., to suppression of image misalignments. 
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The control channels of different parameters in most cases of 
engineering realization of stabilization systems do not actually have 
cross-couplings and the matrices in description of these systems will be 
diagonal or can be reduced to diagonal. This circumstance permits one 
to linearize the mathematical description of the optical system, 
considering the transformation of the coordinates of displacements of 
the base of the observation object and of the elements of the optical 
system in coordinates of image displacements. 


It should be noted that the optical image detector is also included 
among the elements of the optical system in this interpretation of the 
problem. 


Parametric stabilization of image. It follows from the block diagram 
presented in Figure 2.3 that if the following condition is fulfilled 


Ko. ¢ -|- Ko. ¢ = 9 (2.1) 


perturbations Xn.0 and x 0.H do not influence the displacements of the 


image. The details of engineering realization of these optical systems 
will be considered in the next chapter. We note only that introduction 
of high-speed image recorders in the system permits one to reduce the 
time of analysis of the image and, accordingly, the amount of smearing 
during this time. This circumstance can be represented as the result of 
inclusion of an element with matrix of transfer coefficients less than 
unity into the optical system of the device. 


Image stabilization system with programmed processing of perturbing 
effects. A stabilization system, designed on the »pen control 


principle, is simplest to realize. The values of vectors Xo.H and Xo 


either remain constant or vary by known law in a number of cases. An 
example of this device is the AFA. The effect of displacement of the 
base (the aircraft) at specific velocity Yo at a specific altitude Ho 


can be compensated by corresponding displacement of the entire optical 
device or of the elements of its optical system during photography. A 
programmer with matrix of transfer coefficients K, y’ which transforms 


the introduced and predicted estimates of vectors Xn.0 and Xo oH to the 


vectors of control signals g; and go, is introduced into the structure 
of the system for this purpose. It is obvious that real displacements 
will differ to one or another degree from the predicted displacements: 
therefore, image stabilization on this principle does not yield 
satisfactory results in most cases. 


Image stabilization system with control by perturbing influences. 
Condition (2.1) is difficult or impossible to fulfill in most cases; 
therefore, the design of the optical device should vary the position of 
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the entire device in space or of the number of elements of the optical 
system. 


The corresponding control systems, which also include base displacement 
sensors (IPO), components of the optical system (IPE), and components of 
the object of observation (ION), besides base displacement devices and 
moving element displacement, should in turn be used to control the 
position in space. The cross-couplings through different control 
channels are ordinarily small or can be reduced to a minimun. 
Therefore, the spatial control problem breaks down into a number of 
one-dimensional control problems for each of the parameters of the 
vectors of input actions. 


Won (p) 








Wine (P) 





Figure 2.4. Block Diagram of Optical Device 
With Base Position Stabilizer 











Figure 2.5. Block Diagram of Optical Device 
With Control Circuit of Position of Elements 
of Optical System 


Moreover, it is sufficient in some practical problems to eliminate the 
effect of displacement of the base. The block diagram presented in 
Figure 2.4 for the scalar case corresponds to a stabilizer of the 
position of the base in inertial space. The transfer function for one 








coordinate for input Xn.g can be written in the form 
bk 
as th. es «ene~eltee 
Pn. o(P) = = TF Wyn0 @)W ino) (2.2) 


It follows from expression (2.2) that the condition e, o(P) ~ O must be 
fulfilled to stabilize the image. In the frequency band reproduced by 
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the base stabilization circuits, we find with regard to expression (2.2) 
the condition of image stabilization in the form 


Wyno (Pp) Wuno (p) >> Ro. e I~ Ro. e- (2.3) 


Expression (2.3) imposes a restriction on the minimum possible speed of 
the base position stabilization system. It is obvious that condition 
(2.3) should be fulfilled over the entire range of frequencies of 
variations of Xn.0° 


The problem of image stabilization can also be solved by controlling the 
position of the elements of the optical system in inertial space (Figure 
2.5). Instead of expression (2.2), we find 


Ro. ¢ 


1+ Wyna(p) Wuna(p) ° (2.4) 





Pn. o(P) = Ro. ¢ 4 


The condition of image stabilization e oP) = 0 is written in the form 


W yao (Pp) Wino (P) = — (1 — z+). (2.5) 


It follows from expression (2.5), that, first, the system for 
stabilization of the position of elements of the optical system should 
be static with transfer factor according to the control circuits, 


determined by this expression. Secondly, the condition |k,..| >|&.-|. 


should be fulfilled to eliminate the appearance of positive feedback and 
instability of the system. Moreover, the signs of kK" 5 C and kK’) ¢ 


should be different. 


A sensor of the parameters of displacements of the observation object 
(ION) with transfer function Wron!P) should be introduced into the 


structure of the system for complete image stabilization. 


One can write for the block diagram shown in Figure 2.6 


Xn. o = Xn, ofp (p) Xo. aV tion (p) (p (p), 
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where 


= Wiutto (Pp) W yito (?) 
P(p) = 5 + Wuno (p) Wy tio (P) ' 
_— I a 
Px (p) an | -|- Wittio (p) Wyno (p) * 








We find for displacement of the optical elements 


Xn.9 = Xn.0 + Xn.0.9 = 
= [Ag. oPp (P) +- Xo. uP (P) Won (P11 -- Wino (p) W yna(p)| + 
+ Xo.nWiton (p) Wyn (p). 


Based on the previous expression for displacement of the image, one can 
write 


Xn. w == = Xo. w (Ro. ¢ + Ro. e) +- Xn. oo. 4 Xn so. = 
= Xn. o (Ro. Pp (p) 4- Ro. Pa (p) (1 — Wuno(p) Wyna(p))} + 
-+ Xo. w {Ro. P (p) Witon (p) — (Ro. ¢ 4- Ro. e) + P (Pp) Wion (p) Ro « X 
x [1 — Wuno(p) Wyna (p) + Ro. CW non (p) W ya (P))}. 














Figure 2.6. Block Diagram of Optical Device With 
Sensor of Parameters of Displacement of Observation 
Object 


The condition of invariance to perturbing effects is written in the form 


Roc + Roe {1 —-Wino(p) Wyis (p) | = 9. 
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Hence, 


W yiio(p) = (1 Mee | (2.6) 
Wasa a wal 


Moreover, 


? (p) W non (p) Uo. ¢ |- ko. 1 — Wino (p) W suis (PL 


— (hi. ¢ i Ro. e) + Ro. Won (p) Wyna(p) = 9 (2.7) 


Having substituted expression (2.6) into equation (2.7), we find 


ke 





l 
Wiion (p) = ~ Wyn @) (1+ I+ 


Thus, the transfer functions of sensors of both perturbing effects 


should be identical and their value is determined only by the ratio of 


coefficients k 0.c/* 0.¢ and transfer function Wyrpy(P) - 
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Figure 2.7. Block Diagram of Optical Device 
With Image Displacement Sensor 


It is obvious from the derived equations that the speed of the closed 
control circuit with transfer function $(p) has no influence on 
fulfillment of the condition of invariance. 


Image stabilization system with control by image displacement. A 





radical means of improving the quality of the image stabilization system 


is to develop image feedback in its structure. To do this, current data 
must be found about displacement of the image Xow’ which is taken from 


the output of the image displacement sensor (IPI) with transfer function 
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Wa! P? (Figure 2.7). The condition of image stabilization appears in 


the form of the matrix of transfer functions being equal to zero 
according to perturbations in a closed system. 


One can find the following relation from this condition: 





: he. ¢ 
W saris (2) Wytio (p) -}- ra ke Winn (P) Wyna(p) >: 1, 


-Cc 


from which it follows that control of the position of the components of 
the optical circuit in the given structure can be introduced only at 


Ro. c > ky. Cc: 


Retention of two control channels is rational in this case to expand the 


dynamic range of the compensated values of displacements Xo KH and x0" 


It is obvious that the channel of the base displacement device permits 
control at practically unlimited values of displacement Xo.H and permits 
one to reduce considerably the possible displacement of the base Xn.o° 
On the other hand, the channel of the moving component displacement 
permits one to trigger comparatively small misalignments of the image at 
high speed, and accordingly, with smaller dynamic error. 


2.2. Mounting Equipment on Moving Base and Methods of Initial 
Orientation of It With Respect to Object of Optical Observations 


The resolving capabilities of optical devices located on a moving base 
are considerably determined by the method of attaching them. It is 
obvious that the equipment can be mounted on shock absorbers to suppress 
vibration misalignments of the base (specifically in the high-frequency 
range). The effectiveness of shock absorption is enhanced when the 
frequency of natural vibrations of the device, connected to the base 
through a flexible coupling, is reduced. On the other hand, the 
stiffness of this elastic coupling should provide the required accuracy 
of orientation of the optical axis of the device. 


Let us consider an AFA in the side-looking mode as an example of the 
requirement on the accuracy of orientation of the main optical axis. 


It follows from expressions (1.21) that the rate of misalignment of the 
image along axis Oy is determined by the approximation formula 


9, =fonsing/H, (2.8) 
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where g is the angle between the horizontal plane and the principal 
optical axis of the device. 


Let us represent this angle in the form of the sum of the basic angle jo 
and of the orientation error Ay. Then, instead of expression (2.8), we 
find 


HM singo (1 + Ap cte ol. 





oy, =f" 


One can determine the component of the rate of misalignment of the 
image, determined by the orientation error, in the last expression. The 
permissible value of this error can then be found in the form 


AG gon = — “a 
f’ 1! cos q 
ip 
where Ay. is the permissible value of the uncompensated rate of 


1Aon 
misalignment of the image. 


It follows from this formula that the requirements on the accuracy of 
initial orientation increase as the angle go decreases and as the ratio 
Vn/Ho increases. 


All the foregoing is related to image stabilization systems, designed on 
the open principle. If there is an image displacement sensor, the 
errors of orientation of the main optical axis of the device have no 
effect on misalignment of the image, since they are suppressed jointly 
with other pert::’’=tions. 


An initial or .cion system should be introduced into the structure of 
the device to maintain specific orientation of the main optical axis, 
which assumes the presence of the corresponding information channels and 
devices that permit one to measure and record in space the position of 
the principal optical axis. The latter requirement can easily be 
fulfilled if the optical device includes an image stabilization system. 
Correction signals, which permit one to assign a specific position of 
the principle optical axis with respect to the object of photography at 
the beginning of each operating cyc’e, should be suppressed for the 
additional inputs of the local drive control modules of the moving 
components of the optical system of the device. The function of the 
information channels is clear from the foregoing. The navigation and 
orientation equipment that already exist on the base can be used. 
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Thus, the signals from the output of the onboard gyro unit can be used 
on the aircraft for initial orientation of the aerial camera. The 
required frequency of correction of the autonomous image stabilization 
equipment of the optical device can be established experimentally or can 
be determined from the ratio of the permissible orientation error and 
the drift rate of the gyroscopes of the stabilization system. The 
design principles of gyroscopic orientation systems and methods of 
calculating them are outlined in [53]. Besides gyroscopic systems, 
systems for orientation by astronomical objects are also considered in 


(3]. 
2.3. General Characteristic of Image Misalignment Compensation Devices 


Various additional components, on which the effects of the compensating 
motion of the image up to a value which essentially does not deteriorate 
the quality of the image to be recorded have an active influence and are 
added, are introduced into the optical system to eliminate the effect of 
stabilization errors. Let us consider only the components themselves in 
this section and let us evaluate the possibilities of using them, 
without touching on the design features of the optical device itself. 


Functions that determine the direction of the beam (reflected or 
refracted), which are ordinarily found by using the following 
expression, are used to design stabilization devices 


A’ = A — 2N(AN), (2.9) 


where A is the unit vector of the direction of the impinging beam, N is 
the unit vector of the direction of the normal of the reflecting 
surface, and AN is the scalar product of the vectors [60]. 























Figure 2.8. Layouts of Main Image Misalignment 
Compensation Devices: 
a--coordinate system of flat mirror; b--wedge 
with variable refracting angle; c--planoparallel 
fiber optic element (VOE); d--image misalignment 
compensator using VOE; 1, 2--parts of compensator 
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One can write A’ = M’A, where M’ is the transformation matrix, in matrix 
form. 


The transformation matrix for a flat mirror (Figure 2.8, a) is 
determined in the following form: 


—2N,N, 1—2Nji —2N,N, (2.10) 


“| —_ 2Ni -— 2N.xN, — Q2QN Ny 
M’ = ’ 
— 2N.N, — 2N,N, l nana 2N; 


where Nx, Ny and N, are projections of the unit vector N of the 
direction of the normal of the mirror onto axes x, y, and z of an 
arbitrary fixed coordinate system. 


It is quite sufficient to use the indicated expressions to determine the 
effect of rotations of the mirror about one or another axis. Thus, even 
if the mirror, the plane of which is perpendicular to plane Oyz and if 
its principal cross-section comprises an angle of 45° with axes Oz and 
Oy, is located in coordinate system Oxyz, the normal N’ is determined by 
the expression 


N’ = j sin 45° — k cos 45°. 


The incident beam is determined by the unit vector 


A = icosising -|- jcosicos— | ksiné. 


The mirror is rotated about axis Ox by angle ¥. Equation (2.10) must be 
solved to find the unit vector of the reflected beam, having first 
determined the normals of the inverted mirror, i.e., N’ = MN. 
Multiplying out the matrix M, we find 





| 0 0 0) 
No =]0 cosp sing }] sin 45° | == fj sin (45° |- y) — k cos (45° -|- ). 
O sini cosy] cos 45° 








It follows from this equation that 


N,=0; N,=sin(45° { yp); N,= —cos(45' | ¥). 
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The unit vector of the output beam then assumes the form 


A‘ = MA = —icosysin& -+- j (cos 2p sin y — sin 2pcos § cos y) + 
+. k (cos 2p cos E cos y -}- sin 2p sin y). 


The turns by the other axes can also be found in similar fashion. The 
following expression is valid for a refracting surface 





| 2 
A's <A. N |—. (AN) -- 1 (Gy WANE HN P= cava 


fon » ° 
a: aage A N (—7- cosi | cosi’), 
n 


where n and n’ are the refractive indices of the first and second media, 
separated by the refracting surface, and i and i’ is the angle of 
incidence and the angle of refraction of the beam on the surface. 


It is shown in [60] that the operation matrix of a refracting wedge is 
determined by the following expression: 


. % 
cos% | 2p, sin? 








2 
Mua = p, sin -|- 2p.py sin® a 
—p,sin% | 2p,.p, sin® = 
9 108 _% A 4472 
PxPy Si? >-—-pPzcin ke py sine |- 2p,pz sin > 
2p; sin” > 4+ cosx — py sin -|- 2p,p, sin? > . 
QPuP2 sin’? % 4- Px SiN % cos% -}- 2p; sin > 


where #2 is the angle of rotation of the refracted beam (output beam) 
with respect to the incident (input) beam and px, py, and pz are 
projections of the unit vector of the edge of the wedge onto the 
corresponding coordinate axes. 


Angle # for a wedge with small refracting angle @ is equal to 





xeO(l 1 min iigty )= 


4-1 
~oa(l- n) (1 4. Se - tg? y). 
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The value of angle #2 in the first approximation (at small angles and at 
angles of incidence 7 not more than 45°) is dependent only on the angle 
of incidence of the beam on the wedge and is independent of the 
orientation of the plane of incidence with respect to the principal 
cross-section of the wedge. 


A wedge with variable refracting beam can also be used. This type of 
wedge can be formed by two methods: by using two glass plates, mounted 
with the capability of rotating about two mutually perpendicular axes, 
or by a combination of positive and negative lenses that form a 
planoparallel plate in combination. The operation matrix of this wedge 
will be determined in both cases in the form of the product of two 
matrices Ment a" MATT? which differ both by the value of angle #2 and 


by unit vectors of the edge of the wedge. For the case corresponding to 
Figure 2.8, b, we have: 


py or ids Puy = ke. 
The matrix assumes the form: 








{ x 
COS %, (cose + 2 sin?  ) 
Mis = | cos, sin x, 
0 
. oi : 1 sin? “1 “| 
Sin %_(cosx, + 2sin — 0 
Zz 
COS % COS X, — Sill Hy (COS Xp 2sin? 2) 
. og Ay 
SI) %, COS Xp COS Hy (COS Xs | 2 sin? > ) 


When using a telescopic system mounted in front of the objective of the 
optical apparatus as a stabilization element of the image field, the 
angle between the direction of the beams emerging from the eyepiece and 
the sighting line is determined in the form of f = € + €’ or 8* = € + 

+ Te = €(1 +1), where ¢€ and ¢’ are the angles of the beams and [ is the 
visible magnification. 


The dependence between ¢ and ¢€’ can be expressed by the angular 
magnification of the telescopic system in the form 


53 





On the other hand, for a telescopic system, we have 7 = [ — /igj, and 

e = -—8/06/fox. 

The angle between the direction of the beams emerging from the eyepiece 
and the sighting line is determined as f = € + €’ or Jt =e+/e =e(1+/). 





The angle between the direction of the beams emerging from the eyepiece 
and the sighting line at 7 = -1 is equal to the angle between the 
incoming beam and the sighting axis. 


Image speed compensators, based on the use of fiber optic elements 
(VOE), can operate only when they are mounted in the image plane. 


Let us consider the effect of one fiber optic element in the form of a 
planoparalle] plate, the fibers in which are laid parallel to each other 
(Figure 2.8, c). The relationship of the image coordinates, located on 
the input and output surfaces, is determined by the following 
expression: 


x 1 0 O]f xX 0 
y }=1]9 | Off y p+ yA 
2” 0 0 142 0 


where A is the thickness of the plate. 


The second term of this equation shows the operation of the fiber optic 
element. It is clear that rotation does not change the initial 
correlation of the coordinates upon rotation of the plate about axis Oy, 
i.e., upon multiplication of the second term by the corresponding 
matrix. We arrive at a trivial conclusion that a planoparallel fiber 
optic element with parallel placement of the fibers, perpendicular to 
the input and output surfaces, causes no misalignment of the transmitted 
image upon movement of it. 


Let us consider another case when the elementary fibers in this 
planoparallel plate remain parallel to each other and at the same time 
form some constant angle (for example, §) with the input and output 
surfaces. The previous equation then assumes the form 


x | 0 ODP x 1 0 0 0 
yj=1]0 | Offy}4+]9 | 0 A | 
2" 0 0 IJ] 2. 0 0 IJ AtgeE 


The second term is the operation matrix of the fiber optic element. If 
the fiber optic element is rotated about axis Oy, the operation matrix 
of the fiber optic element assumes the form 
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“Atgé sing 
Mios - A 
A tg E cosy 


It follows from the last expression that each point of the image upon 
rotation of the fiber optic element by some angle y receives identical 
increments with respect to the corresponding coordinate axes. 


A flat fiber compensator, consisting of two lens-like fiber optic 
elements (Figure 2.8, d), in which the elementary light guides are 
arranged perpendicular to the flat surfaces and one of the plates is 
rigidly attached, while part 1 can rotate about the axis passing through 
the center of curvature of the contiguous surfaces, can be used. The 
image passing through the plate undergoes the following changes: part 1 
is transferred from the flat surface to a cylindrical or spherical 
surface, and part 2 on the contrary is transferred from the cylindrical 
or spherical surface to the plane. Because part 1 is the movable 
element, the origin of the coordinates of the system can be transferred 
to the center of curvature of the parts (to the center of oscillation). 
By analogy with the previous case, the transformations of the 
coordinates in matrix form assume the form 


a ” 


x 1 0 0 Me 1 0 0 
y” -| 1 Of}]—yf4+]0 | O}x 
2" 00 1 Zo 0 0 1 
0 1 0 0 
1 aes iV 2 T+10 1 OO; xX 
0 0 0 | 
0 
xl Vr? % --(r 4 | 
0 


where r is the radius of a sphere, Zomax is the dimension of the fiber 
optic element along axis OZ, and Ao is the total thickness of the 
plates. 


The second term in this expression is the operation matrix of the first 
fiber component, while the third term is the operation matrix of the 
second fiber component. 


When one part rotates with respect to the other about the axis passing 
through the center of curvature of adjacent surfaces, the elementary 
light guides of the first part rotate; the image with curvilinear 
surface to be transmitted onto a plane does not occupy the previous 
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position. The image is shifted, which can be used to compensate for the 
motion of the image, caused by other factors. 


The operation matrix of the inverted first component has the form 








itn / ‘ 4 . 
M, on (\/ r~ rae -ir 20 max eos 


r , 5) 
(; T= Zz --b F -= 2) max ) sing 








Since the image detector is combined with plane A, the image will be 
shifted along axis Oz at the following rate due to rotation of the fiber 
component about axis Ox, passing through the center of curvature of the 


part 








‘ 9 9 ° . 
2; se ( r° _ 2 — Vr a 2) max ) @ sing, 


i.e., the value of Zis variable with respect to axis Oz, also approaches 
zero at ZO = ZOmax- 


2.4. Methodical Errors of Image Misalignment Stabilization System 


It was shown earlier that the rate of misalignment of the image is 
complexly dependent on the coordinates of the image field, on the 
orientation of the optical device with respect to the object plane, and 
on the values of the angular and linear rates of displacement of the 
base of the optical device with respect to the object field. 


Let us transform equation (1.21) to the following form to analyze the 
possibility of compensating for image displacement: 








6 





[ ' Cyn CU Cin ' _ 
$2: (sn +47 cos) + (4 sing — om) = (2.12) 
y,2; y; 
= OxyZi — Vy — { on (— I) -++ 
| it (yisiny + #4 cose) “(2 cosep + f sing): 
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, | Uxu 3 é 
2; = 7 (#2 cos s Mand Oyu) zi -4 ir (Urn SING 4 Uz COS ) + 


t Wry oH =~ WxnYi + I ( 


vu 
Hi, sin | ya) = 








(2.13) 


2: 
= — Wyn; -}- Wyn (F — —-) be O24, a 


ve Uxn 2, sine zi Uru 
“FH, (2 sing + —F— C08 v) + Fi, (i cos @ -+ f sin). 


It follows from the above expressions that the stabilization system can 
be made in the following manner to fuifill the image stabilization 


conditions (zj = yj = 0). 


1. The entire device is placed on a base, stabilized with respect to 
angular coordinates in inertial space. In this case, »,, = w,,, = ,, = 0. 
The effect of the linear velocity of the base can be compensated by 
shifting the photodetector or object at rates yy, = yj; 2, = 2). 


The same effect can be achieved by introducing image shift compensators 
that operate in a parallel bundle of beams, which cause misalignment of 


the image according to the following expressions:  w,,./ —~ t),.: 0.) = —-Zin: 


where (or and #,» are the additional angular velocities of the bundle of 


K 
beams obtained due to introduction of the compensator, into the optical 
system of the device. 


The compensators are used in this case to reduce the misalignment caused 
by the linear rate of displacement of the base. 


Three-axis stabilization of the optical device and the possibility of 
displacement of the moving element of the optical system in two 
coordinates are obviously required in the case under consideration. 
Even in this case, total compensation of misalignment for the entire 
image field is possible only at vi * 0 and y = 90°, i.e., if the 


principal optical axis of the device is perpendicular to the plane of 
the objects. 


2. There are moving elements in the optical system of the device that 
guarantee rotation of the coordinate system, bound to the bundle of 
beams, sequentially about all three axes, or corresponding displacement 
of the photodetector. It is obvious that even in this case only partial 
compensation of image misalignment is possible. 


Let displacement of the compensating elements result in an additional 
angular momentum of the principal optical axis. The projections of this 
additional angular momentum onto the axes of the device can be denoted 
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by We? Wg? and ox" Instead of expressions (2.12) and (2.13), we 
find: 


Yi = (Mxn + MQ) 2) 1 (Mn | Oy) (— ad) $ (Mi Hh Oey) (i ) + 


+R (y: sing + 4 cosy) +5 Hoe (2: C08 4- fsing): 











° 


4) 4. 


+ (zn + 2x) a +a zeal a (2 sin 4 + 00s ©) + 





2; = — Yi (xn f- Wg) + (yn + Onn) (f _ 








4 22 (2,cosq }-f sing). 
Ho 


The condition of image stabilization Yi = Z| = 0 can be fulfilled, for 


example, if y= —xy, Oyn = —O,,. We find for x from equations 


(2.12) and (2.13): 


. 2j 
sin g@ + > cos¢ 
— (My A 2x) = | UxnYi 4 Con!) He (u? _ °) ’ 





sing + +- cos | 
— (Opn + Og) = f (Uxn2i + Urn!) Heziyi 





Adding these equations, we find 





:; , 


x [een (FET =r qr) +8 i Wa tom Tar |- 


It follows from the last expression that the linear velocity of the base 
can not be completely compensated at all points of the frame. 


In the center of the frame, yj = zj = 0 and instead of equations (2.12) 


and (2.13), we find: 





9, = — (rm 1 Oy) / + te f sin 9; 


2; = (Wyn + Wyn) f -| -q_fsing. 
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The image misalignment in the center of the frame should be compensated 








v 

O24 = — Wry ++ A, sin @; 
v 

Oyn = — Wyn — 7 sin. 


The stabilization error is determined in the following manner: 








' , . y? 
AYi = Oxuti + ae At sin + i f i sin + cos | ‘ 








P? / 
4- op Yi (sin p + — cos) ; 
AZ; = —Oxqy; + om 2; (sin ~ + + cos 0) + 


yn yizi Uzn . 4+ SL, 
+ 7 singe aa i, Zz; (cos p + j sin °) ° 


Compensating actions by integral estimates of misalignment of the image 


must be introduced when the parts of the image over the entire field of 
the frame are important. 


Integrating the input eauations (2.12) and (2.13), we find the mean 
values of the velocities: 








*m Ym 
Lep | , 2 
i= 1, de 2 Y (2.14) 
od ZmYm { { Yi dz; CY; = Wz l= = 1) -+ Von a Sin q; 
2m ~“m 0 
2m Ym 
sep 1 ‘ Q 2 (2.15) * 
ao? = | | 2; dz; dy; = yy ( — $4) + vu, Hsin ip. 
~2m —¥m 
The image stabilization system realizes the relation gj? = "= gq Let 
compensation (as before) be determined by introduction of displacements 
“OK and WK 





We then find from expressions (2.14) and (2.15): 


59 








P 1 








Wz, = Vyn _ oF > —- On, 
i —~ za Yn 
P? 1 
Oyn = Vox a, 5 ie er ees Wyn: 
z2m—! 


Having substituted these values into input expressions (2.12) and 
(2.13), we find the remaining misalignment of the image 











iy = Oxat — HE tn Ge + 
ale 
+ yn z- ir =—-(yi — f’) 7 tl + Un = t (s ing + +t cos¢ ) T 


=, 
Yi 
+ Uxn Ae (sin 7 -+ +} cos v) = 


2 y? 








; = Yin — Y 
= Wxn2) Ue at (sin y+ 4i cos v) -+ yn sing -_- : 

0 / ° Ho 2 2 2 
a ¥m—i 

: m i 

AZ; = ——Ognl; 4 Urn Ge sin ? : + 
Ho 242 92 
Zim I 


— 


+ x0 z— it (sing - += cos). 


We have at the origin zj = yj = 0. Then at f > Zm, we have: 


2 2, y;, 
Az; % —t tin Hie sing: Aji —tyn= 5 7A. si" {. 





The @rived expressions permit one to perform comparative analysis of 
the engineering capabilities of image misalignment stabilization 
systems, which are designed by using different information devices and 
image misalignment compensation devices. 


60 











Chapter 3. Functional Image Stabilization Devices 
3.1. Stabilization Devices With Optical Wedges 


One of the methods of solving the problem of stabilizing the position of 
a beam in space upon rotations of an optical system about two mutually 
perpendicular axes is to use an optical wedge with variable angle of 
refraction with the corresponding rotation of the edge of the wedge. 
Both glass wedge systems and liquid wedges are used. 


Let us consider the possible design versions of these devices. 


Stabilization devices with optical wedges, formed by lenses. The 
operation matrix of an optical wedge with variable angle of refraction, 
which permits one to calculate the path of the beam at any angle of 
incidence of it on the optical wedge, was presented in the previous 
chapter. Since the optical axis is perpendicular at the initial moment 
to the input edge of the wedge, one can limit oneself to consideration 
of the paraxial beams to evaluate one or another design of an optical 
wedge compensator. Let us consider optical wedge compensation devices 
with variable deflection angle, in which a pair of contiguous optical 
lenses is used, and one of the lenses is attached such that it can be 
shifted in two mutually perpendicular directions with respect to the 
center of curvature of the surfaces of the adjacent parts (Figure 3.1). 
All the surfaces of the adjacent lenses can generally have a radius of 
curvature. The angular displacement of the beam is then determined by 
the following function (Footnote) (Japanese patent 56-23125): 











_ mh— No R, + d, f Ne + Ng 
x= NyNg (1 + R, i Rs; d, + (3.1) 
© a | myRe — (te — 1y)) 
+[( R, + 1) (it, — ns) + ns | . ~— =, 9, 


while the rate of deflection is determined by the following relation 











- Ny Ng / Ro4+d No +n 
“= hae (I + "R. ){ Re. * dy + (3.2) 
d, : i,R ou ane P 
-{- | (- 4 1) (tpn) + ns | aie a “8, 


where #2 is the angle of deflection of the beam, i.e., the angle between 
the incident and output beams, R;, Ro, and Rg are the radii of curvature 
of the corresponding surfaces of adjacent lenses, no, nj, no, and n3 are 
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the refractive indices of the media and marks of glass from which the 
lenses are made, § is the angle of rotation of the movable lens, and d; 
and de are the thickness of the lenses along their optical axis. 











Figure 3.1. Optical Wedge Formed by Two Lenses: 
i--moving; 2--fixed 


It is assumed in derivation of formula (3.1) that sin 90 = 9, sini = i, 


tg 8 = 9, tg i = i, cos 0 == 1, cos i=l. 


Formula (3.1) permits one to calculate the misalignment of the beam at 
any ratios of the radii of curvature and of the thickness of the lenses. 
Moreover, it permits one to determine the misalignment of the image when 
the system is operating from a finite distance, and also when estimating 
the effect of shifting the image during misalignment of the lenses. In 
the specific case during operation of an optical device with infinite 
distance, i.e., in parallel beams and when using a combination of 
planoconvex and planoconcave lenses having identical refractive index in 
the stabilization system, i.e., at no = ng = 1, no = ny = n and R; = 

= R3 = wo, formula (3.1) assumes the following form: 


x= (n — 1) 9. (3.3) 


Several identical pairs of lenses, which permit one to increase the 
angle of deflection of the sighting axis of the device, can generally be 
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mounted in front of the objective. The optical accessory should be 
afocal in order that the wedge compensators not change the parameters of 
the system itself. The following condition must be fulfilled 


> %; = 0, (3.4) 


where © is the optical intensity of the lenses and N is the number of 
lenses. (Footnote) (U.S. patent 3,959,088) 


The design of such a complex wedge compensator is simplified 
considerably if the centers of curvature of all the lenses are joined at 
one point. The movable lenses can be combined and synchronous rotation 
of them from one motor can thus be guaranteed. The condition of the 
afocal nature of the system will thus assume the form 


x 
x RP, = 1, (3.5) 


where Rj is the distance from the nodal point of the i-th lens to the 
center of rotation. Taking into account that $ = 1/f’, function (3.5) 
can be represented in the form 


N 
R; a 1. 


ane (3.6) 
= 


It follows from formula (3.6) that the condition R = f’ should be 
fulfilled when using a single pair of lenses. 


The total angle by which the beam is deflected after passing through the 
N’ 

system, consisting of several pairs of lenses, is equal to ))(n,; — 1) 9, 
i=] 


where N is the number of pairs of lenses. It is understandable that the 
following relation must be fulfilled to retain the position of the 
sighting axis in space 


R 
X (ni — 1), = @, (3.7) 


i.e., from the equality of the angles of rotation of the sighting axis 
of the device § and the angles of rotation of the lenses 8; follows: 
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Y (a -- NI = 1, (3.8) 


or 


N 


Dm =14N. (3.9) 


For example, when using two pairs of lenses, the total of the refractive 
indices for parametric stabilization of the axis of the device should be 


equal to n; + no = 3. 























Figure 3.2. Layouts of Stabilization Devices 
With Optical Wedges, Formed: 
a--by one pair of lenses; b, c, d, e--by two pairs of 
lenses; f--by three pair of lenses; 1, 3, 8--movable 
lenses; 2, 4, 7, 9--fixed lenses; 5--mechanical coupling; 
6--rotating element 
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One can assume from general concepts of design of optical systems that 
additional optical systems with magnification equal to [ are mounted in 
front of one or several pairs of movable lenses. Function (3.6) then 
assumes the form 


N 
LD Rfo li = b. (3.10) 


Magnification [ equal to +1 should be used in expression (3.10) for all 
pairs of lenses that do not operate with additional optical systems 
having magnification [;. If rotating systems (for example, mirrors or 
prisms) are mounted between pairs of lenses, magnification | in formula 
(3.10) should be assumed equal to -1. The functional solutions of these 
compensators are presented in Table 3.2. Specifically, the simplest 
layout of an image field stabilization device, consisting of two 
lenses--a planoconvex 2 and planoconcave 1, is presented in Figure 3,2, 
a. This stabilizer can automatically stabilize the sighting axis at 
specific reduction coefficient Ko which links the angle of rotation of 


the device to that of the movable lens. It follows from expression 
(3.7) that it will be determined by the ratio ke = 1/(n - 1) fora 


single pair of lenses. 


Specifically, the angle of rotation of the lens should be twofold 
greater than that of the device at n = 1.5. Automatic reducerless 
stabilization can also be achieved by using high-density glass, the 
refractive index of which is equal to 2. It also follows from 
expressions (3.7) and (%.9) that automatic reducerless stabilization of 
the optical axis is also possible when using widely distributed marks of 
glass; two pairs of wedge compensators can be used. A sufficient 
condition for total stabilization is fulfillment of equality (3.9) and 
the sum of the refractive indices of the first and second pair should be 
equal to 3. The parameters of the constituent lenses and the 
coordinates of the center of curvature of surfaces with respect to the 
constituent wedges are determined from expressions (3.7) and (3.6). 
Analysis of the possible design layouts of a reducerless stabilizer of 
the sighting axis, in which two pairs of lenses are used, indicates that 
motion to the negative lens must be provided in the first pair and 
motion to the positive lens must be provided in the second pair when 
there is a combination center of curvature between pairs of lenses 
(Figure 3.2, b). If rotating systems, mirrors, rectangular prism, 
Pechan prism with covers and similar optical elements having 
magnification of -1 (Figure 3.2, c and d) are introduced between the 
pairs of lenses, the lenses of the same type in both pairs becomes 
fixed. The design of the device, especially sealing of it, is 
simplified considerably. A version in which the lens is not rotated, 
but is displaced positively in a direction perpendicular to the optical 
axis of the instrument, is also possible. 
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The overall] dimensions of the stabilization device are reduced if the 
design layout shown in Figure 3.2, e is used. This layout provides for 
the use of moving optical elemnts of the same type, which have combined 
centers of curvature. The radii of curvature of these elements have 
identical sign and are not. equal to each other. 


Chromatic aberrations, which occur as a result of variance in the 
optical wedges, introduced the greatest errors in wedge systems mounted 
in parallel beams. To reduce them, the system is achromatized, 
introducing yet another pair of lenses, which has chromatic aberration 
of opposite sign. 










































































Figure 3.3. Layouts of Stabilization Devices With 
Liquid Optical Devices: 

a, b--liquid inertial wedges; c--single liquid wedge; 
d, e, f--pair of liquid wedges; 1--cylindrical vessel 
2--planoparalle] glass plate; 3--liquid; 4--movable 
planoparallel glass plate; 5--elastic corrugation 
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The condition of stabilization of an image by an achromatized wedge 
system of this type can be expressed in the form of changes of the 
deflection of a medium-wavelength beam in crown and flint pairs of 
optical compensator elements. It is necessary for reducerless 
stabilization of the image that the total deflection of the system of 
beams be equal to the angle of deflection of the body of the device 


m ! 


2 9x: - 2 9% = 0, (3.11) 


where 85 and 84) are deflection of the beams by crown and flint pairs, 
respectively. 


Function (3.7) with regard to relations (3.11) then assumes the form 


Y} (ny, 1) - (ng - 1) = |. (3.12) 
i=l 


One of the possible layouts of the achromatic optical axis wedge 
stabilizer system, in which element 3 is an element of achromatization, 
is presented in Figure 3.2, f. It invludes four lenses, two of which 
are glued and are the movable component. 


Stabilization devices with liquid optical wedges. Liquid wedge 
compensators (Figure 3.3) are equivalent in the effect of compensating 
for the rate of motion of the image or stabilization of the optical axis 
of the device in space to the above glass wedge compensators. 


The first sighting axis stabilization systems using liquid wedges were 
inertial and had individual containers. The open surfaces of the 
liquids, enclosed in the containers, retained their position in space 
during all possible rotations of the container itself. 


It is pointed out in [45] that liquid wedges were used successfully in 
levels by G. Yu. Stoldokeveich in 1946. N. A. Gusev developed the 
theory of liquid inertial wedges [26]. Liquid wedges, based on this 
principle, consist of a cylindrical vessel and two chambers, having 
three sequentially arranged planoparallel optical plates (Figure 3.3) 
[12]. The layers of liquid are of constant thickness in the neutral 
position, i.e., when the optical axis of the apparatus is perpendicular 
to the earth’s surface, and the system is a planoparallel plate. The 
input planoparallel plates also rotate together with the cylinder upon 
rotation of the apparatus about axes x or y by angle 8. The surfaces of 
the liquid A and A’, due to the earth’s gravity, remain parallel to the 
earth’s surface as before, i.e., optical wedges are formed between 
surfaces A and A’ and between the corresponding inclined input windows. 
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If the sum of the refractive indices of the liquids are equal to 3, two 
chambers are sufficient for stabilization of the optical axis of the 
device according to condition (3.9). This type of compensators is used 
extensively in surveyor’s instruments [12]. 


The main factors that reduce the accuracy of stabilizing the sighting 
beam of a compensator of given type are temperature variations of the 
refractive index of the liquid. The temperature range in which the 
liquid compensator provides the necessary stabilization accuracy upon 
inclination by angle § is determined by the following formula: 


At == 6,/(20 Any), (3.13) 


where 6; is the permissible angular error of stabilizing the sighting 
beam and An; is the temperature coefficient of the refractive index of 
the liquid. 


Capillary phenomena will affect the accuracy of sighting in a liquid 
compensator with open surface. The surface of the liquid will assume 
the form of a lens rather than being flat. The radius of curvature R, 


of the liquid surface in a cylindrical vessel is expressed by the 
function 


Ry = ashy, (3.14) 
where a is the capillary constant of the liquid and hj is the capillary 


rise of the liquid along the axis of the vessel. 


The value h; is found from the expression 





hy = 4 Vn tg = (+ — Se) Var exp (— nN *), 


Vn (3.15) 


where r; is the internal radius of the vessel and ;, -r fuy?- 
~ ay 1 ~sin®, and 8. is the boundary angle of the liquid. 
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Figure 3.4. Diagrams of Stabilization Devices Using 
Nonmiscible Liquids: 
a--optical wedges with flat surfaces; b--optical 
wedges formed by liquid lenses: 1--cylindrical 
vessel; 2--planoparallel glass plate; 3, 4-- 
nonmiscible liquids with different refractive 
indices; 5--interface of media 


Thus, we find a radius of curvature of the surface of RY = 67 mm for a 


benzyl acetate-dimethyl phthlate mixture whose capillary constant is a = 
= 2.53 mm in a glass tube 16 mm in diameter at 8. = 24° by formulas 


(3.14) and (3.15), i.e., the surface of the liquid has rather large 
curvature and accordingly the lens formed by this surface also has high 
optical intensity. To eliminate the effect of capillary phenomena on 
the accuracy of stabilizing the axis without changing the design of the 
compensator, either the diameter of the tube must be increased or a 
correcting lens, which forms an afocal system in combination with the 
liquid lens, must be introduced into the optical system [12, 24]. 


The stabilization errors can be reduced considerably without changing 
the diameter of the tube if floating planoparallel glAss plates are also 
introduced into each chamber (Figure 3.3, b). (Footnote) (U.S. patent 
3,655,274) 


Some liquids are not miscible with each other. The use of these liquids 
permitted one to develop essentially new designs of optical liquid 
wedges for stabilization systems. Diagrams of these liquid compensators 
are presented in Figure 3.4, a and b. 


Nonmiscible liquids in a closed space were used in the first case [25, 


45]. The compensator consists of three sections, each of which contains 
two layers of liquid (Figure 3.4, a). 
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Based on condition (3.9), the difference of the refraction of the 
liquids (upper and lower) should be na ~ Ny = 0.333 for automatic 


stabilization of the sighting axis. 


It is pointed out in [45] that this compensator can be realized when 
using liquids in the form of a mixture of a-methylnaphthaline and 
toluene for the top layer and perflucroethylamine for the bottom layer. 
It is noted that perfluoroethylamine has greater density than a mixture 
of a-methylnaphthaline and toluene, while the refractive index of 
perfluoroethylamine is less. The latter means that a three-chamber 
compensator using these liquids will stabilize the beams when they pass 
in the bottom-upward direction. 


A diagram of a two-liquid compensator, in which the liquids are 
separated by a sphere rather than through the plane, is presented in 
Figure 3.4, b [13]. The compensator consists of a tube, which has a 
spherical bottom. The tube is filled with liquid having refractive 
index n;. A positive liquid lens, formed by capillary forces whose 
refractive index is equal to ny, is located inside this liquid on the 
bottom of the tube. 


Misalignment of the beam as a function of n; and nyo without regard to 
the refractive index and radius of curvature of the tube R, is 


determined by general formula (3.1). 


It is shown in [13] with regard to these factors that the following 
relation must be fulfilled to stabilize the sighting axis of the device 


in space: 





R, = R, er) | (3.16) 
Nex (ny — Ng) 
where R, is the radius of curvature of the interface of the two liquids 


at point O--the middle of the liquid lens, n; and no are the refractive 
indices of the liquids, and Nor is the refractive index of glass. 


The radius of curvature of the interface of the two liquids at point O 
is calculated by the formula 





9 Bx 
a- cl¢g ——- fa \ 
4 exp (40 4+ 4sin? Ox ) (3.17) 


R, = a 
4V alnV2 a 4 








where a is the capillary constant at the interface of two liquids, 1 is 
the dimension of the positive liquid lens along the horizontal (see 


70 








Figure 3.4, b), and 8. is the boundary angle of the interface of two 


liquids at the point of contact with the surface of the bottom of the 
tube. 


The use of inertial liquid wedges in optical devices with large 
diameters of the entrance pupil of the system (up to 200 mm) results in 
an unsubstantiated increase of the overall dimensions and mass of the 
system; therefore, liquid wedges with forced variation of the refracting 
angle are of interest. 


It follows from Figure 3.3, c that the wedge is two planoparallel glass 
plates attached by an elastic corrugation. The cavity of the 
corrugation is filled with liquid. (Footnote) (U.S. patent 3,212,420) 
One of the glass plates is rigidly attached to the body of the optical 
device, while the other plate is mounted in a gimbal suspension and can 
rotate in a smal] range, forming a wedge with variable angle at the 
vertex. The variation of the angle of the wedge (as well as of the 
azimuth of its edge) is monitored by a servo system, controlled from 
angular-rate sensors. Different design versions of liquid wedges are 
possible. Specifically, the functional diagrams of two liquid wedges 
are shown in Figure 3.3, d, e, and f. The design of the wedges shown in 
Figure 3.3, f was developed for stabilizing the position of a light beam 
in laser communication lines, but this design can also be used in 
imaging devices [25]. The operating principle of the given device 
follows from Figure 3.3, f. There are two liquid wedges, in each of 
which one planoparallel plate is directly attached to the device, while 
the other two plates, connected to each other, are mounted on the 
movable chassis of the device and are moved by the corresponding drives. 


The azimuth of the variable angle can generally be changed by a simpler 
method, by rotating the planoparalle! plates about mutually 
perpendicular axes, which in turn are perpendicular to the optical axis 
of the objective (Figure 3.3, e). 


The range of application of wedge compensators is limited by the 
chromatic aberration, the permissible value of which for estimating 
calculations can be determined from the following expression: 


dx = dnQ —— > 


Saou (3.18) 


where 4 on is the angular resolution of the system. 


More complicated designs of wedge compensators, which envision the use 
of liquids having different refractive indices and variances, should be 
used to eliminate chromatism. It is known that an optical wedge 

consisting of two optical wedges will deflect the beams by angle 2 and 
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does not have chromatic aberration if the following ratios are 
fulfilled: 


x = (n, — 1) 8, + (n, — 1) 9,; (3.19) 


, A, 
(ny — 1) 2 + (my - my) <= 0. (3.20) 


Solving system of equations (3.19) and (3.20) with respect to angles 8; 
and 82, we find: 





i ny —Iu—vwm (3.21) 


l v 
0, = — 3 x. 
Ng — vy — Ve 








The given functions permit one to determine the corresponding operating 
logic of a liquid optical wedge system and to achieve dynamic correction 
of the chromatism of this system, which is impossible in a stahilization 
system in which glass wedges are used. 


If the requirements on the chromatic aberration are low, these designs 
can be used to achieve rough and precise stabilization of the position 
of the beam. 


Thus, liquid optical wedges with induced variation of the angle of 
refraction have a number of advantages over glass and inertial liquid 
wedges with respect to guaranteeing a variable angle of refraction of 
the wedge over time. The main advantages of liquid wedges is the fact 
that the refracting angle of these wedges is varied by rotation of a 
comparatively thin planoparallel plate. First, this permits one to 
provide a variable wedge at large luminous diameters of the optical 
system with small thickness of the wedge and, secondly, it permits a 
considerable reduction of the mass of the movable part, which in turn 
permits a reduction of the energy consumption of the entire system. 
Third, it permits one to reduce the overall dimensions of the entire 
optical compensator, since the rotational axis of the planoparallel 
plate essentially coincides with the plane of the plate itself. This 
advantage becomes obvious when compared to the design of a reductionless 
two-wedge compensator (see Figure 3.2, b), in which the lens module must 
be rotated about the combined center of curvature. 


Although engineering realization of optical liquid wedges is undoubtedly 


more complicated than traditional glass compensators, their advantages 
in a number of cases are superior to the disadvantages; therefore, 
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optical liquid wedges have been used in devices of different 
designation, for example, in television, movie and still cameras, 
surveyor’s instruments and so on. 


The Dynasciences Corporation has achieved the greatest success in 
development of liquid wedge compensators. This company conducted 
careful studies during the period from 1962 through 1965 of the system 
of an optical liquid wedge and development of its design. (Footnote) 
(U.S. patent 3,910,693) Small control systems were developed as a 
result that achieve programmable rotation of planoparallel plates, where 
small high-speed gyroscopes were used as the information channel. 
Practically all modifications of the liquid wedges of this company 
operate with a stabilization time constant T, of approximately 1 second. 


The time constant is understood as the value determined by the 
expression qT, = 1/(20,). where “> is the cutoff frequency of the system. 


This company has developed a number of modifications, which are 
distinguished by the diameter of the input aperture and by accuracy 
characteristics. Moreover, the price of the accessory fluctuates 
considerably as a function of these parameters. 


Thus, the Vibra Stop Lens, having a mass of 1.2 kg, diameter of 120 mm, 

and thickness of 122 mm, was developed to stabilize the image in cameras 
and laser and IR systems. The light diameter of the accessory is 60 mm 

and light transmission is 95 percent [95]. 


The Dynalens So-38 accessory was developed for a camera mounted on 
helicopters and operates successfully with an objective having f’ up to 
1,000 mm and aperture ratio of 1:11 at shutter speed of 1/125 s. 


It should be noted that the company does not develop a universal system, 
suitable for all possible cases, but develops specific accessories based 
on one model. Thus, the XM-76 accessory has been developed for a 
vertical observation system, the SO-35 and SO-60 accessories have been 
developed for working with the objectives of variable focal distance of 
television cameras, and the P-060-01 accessory has been developed for 
nontopigraphic frame aerial cameras of the KA-45, KA-51, KA-53, and 
KS-72 type. (Footnote) (Prospectus of Dynasciences Corporation) 


The specifications of two accessories, the T-030 and T-060, which permit 
one to judge the capabilities of these systems, are presented below. 


Analyzing the applicability of image stabilization systems through the 
use of liquid wedges without introducing achromatization systems, one 
can conclude that the correction angle is in the range of +5°. 


Further studies in development of more improved designs of liquid 
compensators resulted in development of an inertial compensator, capable 
of operating with essentially various types of initial orientations of 
the device. (Footnote) (U.S. patent 3,941,451) 


73 








T-030 T-060 

Range of compensation angles, ° +3 +1.8 
Effective aperture, mm 76.2 162.4 
Band width for A = 380-780 nn, 

percent 95 95 
Readiness time to operation, min 2 2 
Overall dimensions, mm: 

diameter 177 300 

length 100 127 


Dimensions of power module, mm 


280 =» 220 =» 150 160 = 135 « 125 


Mass of head, kg 1.64 6.35 
Mass of power module, kg 1.72 3.26 
Mass of charging battery, kg 2.05 2.05 


This compensator consists of a closed liquid-filled vessel, in which 
there are two tubes formed of planoparallel plates, free of liquid. The 
design of the tubes ensures on the one hand that they are sealed and on 
the other hand that one of the plates can rotate in each tube. The 
rotary plates, due to the effect of the earth’s gravity, will try to 
maintain their position in space and will thus create a pair of wedges, 
and will also guarantee fulfillment of the stabilization condition 
(3.9). 


Stabilization devices with rotary optical wedges. Maintenance of the 
optical axis of the device in space with small evolutions of the device 
itself was envisioned in the previous cases. This design principle is 
suitable both for display devices and for image recording devices. 
However, the position of the optical axis in space need not be retained 
for image recording devices, but it is sufficient to eliminate the 
influence of misalignment of the image on its quality. Ome can talk 
about stabilization of the image recording quality rather than about 
image stabilization in the ordinary understanding. In other words, the 
motion of the image during the time of its recording must be eliminated. 
To do this, various types of image motion compensation devices and 
specifically optical wedges, which rotate about an axis coincident to 
the axis of the objective, can be used. However, the design of an 
optical wedge compensator is complicated due to an additional mechanism 
that supports rotation of the entire compensator with respect to the 
optical axis of the device to combine the vector of the compensation 
motion of the image with the vector of motion of the image, caused by 
vibrations of the device. One of the possible compensators is a 
Rochon-Herschel prism [23], which consists of two identical wedges, 
rotated about the optical axis at identical speeds, but in opposite 
directions. It is easy to show that the angle of deflection of this 
system for paraxial beams is equal to with sufficient degree of accuracy 
[76] 


x = 20 (n — 1) sin€, (3.22) 
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where § is the angle of rotation of the wedge with respect to the 
position in which the two wedges form a planoparallel plate. 


The angular velocity of the beam is determined from the equation 
% == 208 (n — 1) cos &, (3.23) 


where é is the angular rotational velocity of the wedges. 


The speed of the image with regard to the focal distance of the 
objective of the device, caused by a wedge compensator, will be equal to 


Ups ~ 2f' OE (n — 1) cos E. (3.24) 


It follows from formula (3.24) that the same speed of the image can be 
provided both by selecting the angle of refraction of the edge 8 and by 
the corresponding rotational frequency of the wedges. This dependence 
shows that the position of the sighting axis in the space of objects is 
not tracked in all cases (as occurred in the previous versions). 








Figure 3.5. Design of Optical Wedge With Variable 
Angle Without Lateral Misalignment of Axial Bundle 
of Beams: 

1, 2--optical wedges with different refractive indices 


The problems related to the use of a Roshon-Herschel prism was studied 
in detail in different papers [23, 60, 76, 87] with regard to the use of 
it in monitoring devices, in aerial cameras, in television sets, in 
geodetic instruments, in rangefinders and in cameras. We note in this 
regard that the very first and the most important is H. Erfle’s paper 
[87], which considered in detail the characteristic features of the 
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given prism and showed, specifically, the presence of lateral 
misalignment of the axial beam, which is determined by the expression 


%, = 20° (n — 1) sin & cos? €. (3.25) 


The range of transverse misalignment will then be equal to 


%, = 26° (n — 1) cos — (1 — 3 sin? £) E. (3.26) 


The function cos — (1 —3sin? =) reaches extreme values at angles { = 


E = arccos ( + ve) and { = 4/2. The value of 2 is maximum at £ = 0 and 
approaches zero upon rotations of the wedge by angles ¢ = arccos (+43 
and § = p/2. 


Further analysis of the given system by N. V. Sheynis showed that 
lateral misalignment of the axial beam can be essentially reduced to 
zero, if one uses wedges of more complicated design, for example, in 
systems consisting of wedges having different refractive indices and 
glued as is shown in Figure 3.5 [80]. 


It is shown in [80] that the angle between the refracting input and 
output edges of the system also affects the lateral misalignment. The 
values of the angle of deflection and of the rate of deflection of the 
beam in the perpendicular direction will then be expressed by the 
following functions: 


> 2 
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where By. is the angle at the vertex of one glued wedge. 


It follows from analysis of the indicated functions that the minimal 
values of misalignment and velocity of an axial beam are reached if the 
input and output edges are perpendicular to the optical axis of the 
device. 


3.2. Stabilization Devices With Flat Mirrors 


Stabilization devices with reflecting elements are also based on flat 
mirrors. These devices have become widespread, since any system of flat 
mirrors is an aberrationless system at any path of the beams. Devices 
with a combination of no more than two mirrors are ordinarily used in 
parallel bundles of beams. Combinations of three-four mirrors are 
possible when using devices in rear segment. This is primarily related 
to the dimensions of the entrance pupil and to its angular field. 


Stabilization devices with flat mirrors in parallel bundles of beams. 


The different versions of reflecting stabilizers are shown in Figure 
3.6, a, b, andc. 


a) 9(2) @, ») 


(1) ayy -f-{° —— 034 
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Figure 3.6. Diagrams of Stabilization Devices With 
Movable Flat Mirror: 
a--with one movable mirror; b, c--with additional 
fixed mirror; OZ1l--movable mirror; OZ2--fixed mirror; 
0O--objective; FP--photodetector 


KEY: 
1. Movable mirror 3. Photodetector 
2. Objective 4. Fixed mirror 
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Based on Chapter 1, let us consider some examples of stabilization 
devices that use one mirror. Let us determine for these examples, the 
condition of stabilization of the image field at different orientations 
of the apparatus, mounted on a movable base. 


Example 1. The incident beam is perpendicular ot the axis of rotation 
of the mirror by angle a; (Figure 3.7). This example corresponds to the 
case presented in Figure 1.9, a and b at a; = 0, a = 45° and 4 = %o° 


According to equations (1.70) and (1.71), one can write: 


.e) D6 Be o _ 7 
W5, = @,, +4 a): Why = Wy, + 24g: @5, ~ xo + &. 


Hence, the condition of stabilization of the image (1.72) is written in 
the form: 


. 
Ge ae oy Wyo; a, = —Oro; a, = —~Wro. 


It follows from the last expressions that rotation of the mirror by 
angle a; can be used to stabilize the image only if #9 OF #2, are equal 











0 ZO 
to zero. 
C | Wy 
a; 
Ax 
Z 
Ke 
Figure 3.7. Stabilization Device With Flat Mirror 
(Rotational Axis of Mirror Is Fixed) 
KEY: 
1. Mirror 2. Photodetector 
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Figure 3.8. Stabilization Device With Flat Mirror 
Having Additional Rotation of Axis of Mirror and 
Photodetector 








KEY: 
1. Mirror 2. Photodetector 


Example 2. Let the nroblem considered in example 1 be supplemented by 
simultaneous motion of the photodetector and mirror about axis OZ) by 


angle a; (Figure 3.8). 


As before, if a; = 0 and a = 45°, then 


T ° 
[Ox HOyp~Orp) _ (Oxn®yn (24, -+- a,))". 


Having substituted these conditions into expressions (1.70) and (1.71), 
we find: 


W6y = Wyn + Gy; W§y = Wy -++ 209; O62 = Wyy. 


Hence follows the condition of stabilization of the image: 


ae 
2 


Wyn: 


To eliminate blurring of the image due to rotation of the object at 
angular velocity Wo the possibility of angular misalignment of the 


photodetector about axis 02% at angular velocity a3 must be created; 


Example 3. This case (Figure 3.9) corresponds to the version presented 
in Figure 1.10 with the following conditions: 4%, ~ 45°, q, - 


0, We Oo. 
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We find from expressions (1.72) and (1.73): 


gx = W2n 4- V Quy: Woy = Wyn 1-204; Wer = Oxy *| V 2ay. 


Thus, only the component 4, can be totally compensated provided that 


yi 
- 1 ; . . ; ; 
a, = 34 yn? compensation of components on and #7 is possible (as in 


example 1) only if one of them is equal to zero. 


On the other hand, if (as was considered above) angular displacements of 
the photodetector about axis OZ at angular velocity 4 ——o—V2%, is 
introduced, the condition of total compensation of the misalignment of 
the image at a = 0.707#, can be fulfilled. 








Figure 3.9. Stabilization Device Witn One Flat 
Mirror Mounted in Gimbal 
KEY: 
1. Mirror 2. Photodetector 
Compared to the case considered in example 2, the mirror must be rotated 
by angle ao with somewhat lower relative velocity to fulfill the 
condition of compensation in the version under consideration, which may 
have specific advantages in design of a stabilization system. 
If the possibility of angular misalignment of the photodetector about 
axis Oz at angular velocity 43 can be guaranteed, then «», = o,, + 
+ a,V 2 — By. 
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Figure 3.10. Stabilization Device With Flat Mirror 
Mounted in Gimbal (Axis Oz Coincides With Plane of Mirror) 


KEY: 
1. Mirror 2. Photodetector 


| 
Let us assume that W ky = 0. For this, let us assume that dy = yon 


Then to find 5, = 0, the following should be guaranteed 


Q3 = Wx + V2 Qe = Oey — O71" 


Thus, three drives must be developed for total stabilization of the 
image, and reduction to a gyro sensor with transfer factor 0.5 is 


required along axis Oy,, while reduction 1//2 with the axis of 
é 


sensitivity of the gyro sensor located along axis OZ, is required along 


axis Oz, 


Example 4. In this case (Figure 3.10) for a; = 0 and a = 45° according 
to expression (1.73), we find: 





. YQ . V2. 
6x aT 9 — a, 9 
, V2 . V2 
Ws, W v1) Wyo | > 1} + a) a 
4, bea 2(lo 
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Figure 3.11. Stabilization Device With Flat 
Mirror in Gimbal Suspension (Axis y 
Coincides With Plane of Mirror) 


KEY: 
1. Mirror 2. Photodetector 


Hence, we have: 





; l 
a, = > Dry, Ay Onn 
rs la, 
2 . V2 
W4,, | 0, (4° - } | @y 5 — 4, -:0, 


at Ag — (Mxn | Oyn)- 


Thus, reduction is required only along axis Oz and example 4 completely 
coincides with example 2. 


Example 5. We find according to expressions (1.74) with the 
photodetector mounted on a base for a; = 0 and a» = 45° in the case 
presented in Figure 3.11: 


WG == Wz 4 Gy; OBy == Wyn -{- 24g; pg = Wey + Gy — fly. 


Hence: 4, me tes he 
9 its (la Oxy Wgi;- 


ony; (Lo 


82 





Thus, versions 1 and 5 are equivalent in complexity of realization, but 
version 1 can be used both for stabilization and for scanning the image. 


Example 6. Let us now consider the functional diagram of example 2 in 
the general case, i.e., when angle a; is arbitrary. This situation is 
created when using a drive with respect to angle a; to develop scanning 
displacements. 


Let us arrange the sensitive axes of gyrosensors along axes Oz and Oy, « 
We then find from the output of ther second gyro unit: 
Wr: = On SiN Oy + Dyy os A, 
and we find from the output of the first gyro unit 9 op, = wy f a. 
; ; | 
Let there be provided v, = 0, i.€., =, te. a, = —Wp =—O20; & = —= On = 
= > (Wgq Si %4y—Oryq COS a4). during operation of an image stabilization 


system. 


Having substituted these equalities into expression (1.70), we find 


' l 


t s 2 P a j |. 9 mays - (): 
%%, = Hen SIN 2, + @,,, COS” 4-2, SiN %, 4 GA, Sine, + 22y COS Hy 


o _ : , 
Whe = Wy 695 % 4 @,,, SiN a): 


Thus, the photodetector must be rotated about axis 02% at velocity 
for total compensation of the image misalignment. 


Uy = Wxy COS A -}- W yyy SiN Oy 
The instruction to rotate at this velocity can be obtained from the gyro 
sensor, the axis of which is perpendicular to axes Oz, and Oy, : 


Thus, the elements of the optical system (photodetector and mirror) must 
be provided with a tovial three degrees of freedom and must have 
information about all three values of # on? on? and oon the current 
values of the projections of the angular velocities onto axes Ox nn of 
an inertial coordinate system--for total stabilization of the image on 
the photodetector. Total compensation of the misalignment can be 
guaranteed only in the stabilization mode, while it is difficult to 
achieve total compensation in the scanning mode, when the rotational 
angles of the mirror vary over a wide range. 
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Stabilization devices with mirrors in convergent bundles of beams. 
Mounting the mirrors in front of the object was suggested in all the 
previous versions, and rotation of them permitted stabilization of the 
optical axis in the space of the objects. Mounting movable mirrors in 
the rear segment results in compensation of the effect of vibrations of 
the optical device, mounted on a movable base, on image quality, rather 
than in stabilization of the optical axis of the device in the space of 
objects, i.e., the movable mirrors in the rear segment are compensators 
of the motion of the image. The motion of the image will be dependent 
on the distance 1 between the image plane of the objective and the 
rotational axis of the mirror and is expressed by the function 


Ug == 1 2g, 


where ?, is the angular rotational velocity of the mirror. 


Since the image in the focal plane for point on the axis is shifted at 
velocity v, an = f’4 upon rotation of the entire instrument for angle a, 
the following condition must be fulfilled to eliminate the effect of 
angular displacements of the optical device on its image quality: 
“un ve = 0. It follows from the foregoing that the rotational axis 
of the mirror should lag behind the focal plane by f’/2 at 2 = &, 
However, the image plane is rotated by the same angle (with is not 
always permissible) and the appropriate measures to eliminate the 
defocusing should be undertaken. A way out of this situation may 
consist in using angular ang corner mirrors of different designs. 
Angular mirrors are characterized by the following features [60]: 


an angular mirror is equivalent in its action to a flat mirror, the 
normal of which is the bisector of a two-sided angle, while the edge of 
the two-sided angle lies on the plane of the mirror; 


rotation of the angular mirror about the axis coinciding with the 
edge of the two-sided angle does not cause rotation or misalignment of 
the image, but causes displacement of the image along the optical axis 
by a value proportional to the square of the rotational angle, and this 
value is approximately equal to lygo, where 1 is the distance from the 
edge of the two-sided mirror to the image plane; 


misalignment of the angular mirror in a direction perpendicular to 
the edge of the mirror causes double misalignment of the image. 


Thus, if an angular mirror is rotated with respect to an axis, separated 
from the edge of the angular mirror by f’/2, the motion of the image, 

caused by angular displacement of the optical device, will be completely 
compensated and the image quality due to defocusing will essentially not 


7 
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be worsened. If one assumes that the optical device is rotated by angle 
y = 1° during the delay, the defocusing will comprise 0.0172f’/2, which 
corresponds to approximately 0.02 percent. The defocusing will be 
approximately equal to 0.02 mm at f’ = 100 mm. The effect of this value 
on the FPM can be evaluated by the following function [20]: 


sin[aN A (20', ~ AN’)] 


T (N’) = 
m™) Qn AN og . 





where A is the amount of defocusing, N’ is the working spatial 
frequency, and vs is the aperture angle of the objective. 


We have T(N’) & 1 at N’ = 50 lines/m, a’, - 0.1, A = 0.02, and 4 = 


= 5-10°4 mm, i.e., defocusing essentially does not affect image quality. 
Let us consider the possible circuit solutions of these systems. 


The design of a system for compensation of random vibrations, acting 
along the bank and pitch axes, using angular mirrors arranged so that 
their edges in projection onto the image plane are mutually 
perpendicular, is presented in Figure 3.12, a. (Footnote) (U.S. patent 
3,437,395) Each of the angular mirrors 1 and 2 is stabilized inertially 
or by the gyroscopic method in space with respect to a point located on 
an axis, perpendicular to the edge of the mirror, at a distance equal to 
half the focal distance; as a result, one of the mirrors stabilizes the 
optical axis in bank and the other stabilizes it in pitch. 


A somewhat different version of a stabilization device is possible, 
which is designed to compensate for the effect of random vibrations, but 
the angular mirrors are arranged so that their edges are parallel to 
each other. (Footnote) (U.S. patent 3,437,396) The mirrors are mounted 
on frictionless supports and are stabilized inertially or by another 
method with respect to the sighting line. Each of the mirrors has two 
degrees of freedom and is mounted in a universial suspension. The 
mirrors are balanced with respect to the points of the support and are 
linked to each other so that the unbalanced centrifugal forces do not 
induce deviations of the system, i.e., the system is completely 
balanced. The distance between the vertices of the mirrors is half the 
focal distance of the objective. The edges of the angular mirrors 
should lag behind the rotational axes by 1/4 the focal distance to 
achieve total compensation. 
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Figure 3.12. Diagrams of Stabilization Devices With 
Mirrc’s in Convergent Bundles of Beams: 
a--with two angular mirrors; b--with corner mirror; 
c--with three flat mirrors; 1--objective; 2, 3-- 
angular reflectors; 4--detector; 5--corner mirror; 
6, 7, 8--flat mirrors 


The most common and universal is a system for compensating the effect of 
random vibrations using a corner mirror (UZ)--a triple mirror, formed by 
three mutually perpendicular mirrors. (Footnote) (U.S. patent 
3,467,595) This mirror is equivalent to an angular mirror, but unlike 
it, rotation of the corner mirror about any axes passing through its 
vertex does not cause displacements of the image. Thus, unlike the 
previous systems, total compensation of the effect of random vibrations 
is provided by one element. The schematic solution of this system is 
shown in Figure 3.12, b. The corner mirror is arranged between the 
objective and its focal plane and causes a break of the optical axis by 
180° and misalignment of it. It is stabilized by gyroscopic methods in 
space with respect to some reference point P, rigidly bound to the body 
of the optical device. The point of support P lies on a line parallel] 
to the axis of the objective, passing through the vertex of the mirror, 
and lags behind the image plane by a distance equal to half the focal 
distance. The same as angular mirrors, displacement of the corner 
mirror in space causes displacement of the image by twice as much. 

Since the corner mirror is stabilized with respect to the support point, 
one can assume that the body of the device is rotated by the same angle 
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y with respect to the vertex of the corner mirror upon inclination of it. 
by angle yg together with the objective. The image would be rotated by 
f’y if the triple mirror were rigidly attached to the device, but since 
the mirror retains a fixed position in space with respect to point p, it 
is rotated with respect to the image plane about its own vertex and will 
be misaligned in a plane parallel to the image plane by a value equal to 
double the product of the distance from the reference point to the 
vertex of the corner mirror by the rotational angle of the device, i.e., 
the misalignment of the image will be determined by the relation é = 

= 2ly. But since 1 = 0.5f’, 6 = f’y. As a result, the two 
misalignments of the image compensate each other and the image in the 
focal plane remains stabilized at any rotations of the system about axes 
z and x. As in the previous cases, a system whose value is equal to fj? 
will be defocused upon rotations of the system. Either the focal plane 
is displaced or a planoparallel plate with variable thickness is used in 
high-precision systems. A version of image stabilization using three 
mirrors, the main cross-sections of which lie in the same plane, is 
shown in Figure 3.12, c. 


It was assumed that the above image misalignment mirror components are 
used in an optical device that records an image by using some detector. 
Situations that require the incoming and outgoing beams to be parallel 
may arise when using{ visual systems. Let us assume that the device 
consists of the following main components: objective 1, a rotating 
system 2 and eyepiece 3 (Figure 3.13, a). Let the device be rotated in 
space by some angle 8. The beams emerging from an infinitely remote 
object, which was initially located on the optical axis of the device, 
are then collected in the focal plane at point P. If the image of an 
infinitely remote object is returned from point P to point a, lying on 
the axis of the optical system, using a random vibration compensator, 
the beams at the output from the eyepiece will not be parallel to the 
incoming beams. Thus, the image at the focal plane of objective 1 must 
actually be shifted to some point A, located between points P and a. 
The beams emerging from the eyepiece will be parallel to the incoming 


beams if the condition bB = fo,9) where foK is the focal distance of the 


eyepiece (Figure 3.13, a), is fulfilled. Since rotating system 2 
transfers the image with magnification of -1 to the plane of the 
objective 1, then bB = -aA and, accordingly, the misalignment in the 
focal plane of the eyepiece is the inverse misalignment of the focal 
plane of the objective. If the following condition is fulfilled 


Ja | = [OB] = [fox | 


the random vibration compensator switches the image from point P to 
point A and thus compensates the effect of the misalignment of the 
device on the misalignment of the image. Based on these arguments, let 
us determine the compensation factor ky which is expressed in the form 


of the ratio of values of the required compensation of image 
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misalignment and of the total image misalignment in the focal plane of 
the objective 1, i.e., 





Figure 3.13. Diagrams of Systems for Stabilization of 
Parallel Incoming and Outgoing Beams in Visual Systems: 
a--with additional compensator; b--with motion of rotating 
system; 1l--objective; 2--rotating system; 3--eyepiece; 
4--compensator; 5--collecting lens 
The value [' = f aa/f ae is the magnification of the device and then the 


compensation factor is equal to (1 - 1/f). Hence, it follows that the 
compen:ation factor k, will be equal to (1 + 1/f) or that the length of 


the lever on which an angular or corner mirror should be located should 
be equal to 


b= (1 + —). (3.28) 


for a telescopic system with rotation. 


The plus sign is required in optical systems with inverted image, while 
the minus sign is required in systems with direct image. 
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A rotating system itself can «x unerally be used for an image field 
stabilization system. (Footnote) (U.S. patent 3,504,957) The question 
also arises about which point the rotating system can rotate. Carrying 
on the discussion in similar fashion, it is easy to reach the following 
conclusion: if the system is rotated by angle 8 (Figure 3.13, b), the 
rotating system should be rotated by the same angle with respect to 
point P, which lags behind the principal plane of the rotating system at 
distance 


we ft a =f’ (1 4 
= Tar = (+7), (3.29) 


where f’ is the focal distance of the object and [ is the magnification 
of the inversion system. 


One should naturally estimate a decrease of image quality due to 
defocusing of the entire optical system. 


Prism stabilization devices. Reflecting prisms (provided their 
manufacture is ideal) are equivalent in their effect on the bundle of 
beams to a combination of a planoparallel plate with one, two or three 
mirrors. Combinations of prism elements permit one to develop image 
field stabilization systems which are similar to the above reflecting 
stabilization systems. For example, a stabilization system based on 
angular mirrors corresponds to one using two rectangular prisms (a Porro 
system of first kind), widely used in prismatic binoculars. 


A similar system with BR-180° prism, which has become widespread | 86], 
corresponds to a stabilization system with triple mirror. (Footnote) 
(French patent 2,203,567, British patent 1,235,175, U.S. patent 
3,556,632, and U.S. patent 3,473,861) Specifically, this prism 
compensates for the random misalignments of the image in the binoculars 
by using gyroscopic devices (Figure 3.14). (Footnote) (Prospectus of 
Intra-World Sales Corporation) 


The stabilization system of this binocular permits one to track targets 
at angular velocity up to 5 /s and stabilization by bank and pitch 
angles of +5° and to observe with magnification of 10* and 20*. 


Stabilization systems with the use of the well-known diagram of the 
Hertz panorama, containing a rectangular and a Dove prism, are 
considered in some patents (Figure 3.15). (Footnote) (U.S. patent 
3,428,812, FRG patent 1,225,954) The rectangular prism is mounted with 
the possibility of rotation about the bank and pitch axes. It 
compensates for the motion of the image, which occurs due to forward 
displacement of the carrier and due to pitch stabilization errors, upon 
rotation with respect to the pitch axis. The prism is rotated at 
angular velocity equal to half the sum of the angular velocities of the 
uniform translational motion of the image and of the motion of the image 











caused by errors in pitch axis. The errors in bank axis are compensated 
by rotation of this prism about the axis at angular velocity equal to 
the angular motion of the image, caused by bank errors. The Dove prism, 
mounted in front of the objective, compensates for rotation of the 
image. 





Figure 3.14. Optical Layout of Binoculars: 
1--objective; 2--mirror; 3--inversion system; 
4--stabilizing prism; 5--additional objective; 

6--splitting prisms; 7--eyepieces 


A cube prism (or a double Dove prism) is equivalent in its action toa 
flat mirror, but does not change the direction of the optical beams. 

The latter permits one to arrange a stabilization system based on two 
series-connected cube prisms. The cube prisms are mounted so that their 
rotational axes, coinciding with the reflecting surface, would be 
mutually perpendicular: the image is stabilized in bank by using one 
prism and stabilized in pitch by using the second prism. 


Because of errors in manufacture of the prism, it becomes equivalent to 
a combination of three elements: flat mirrors, a planoparallel plate 
and a wedge with small refracting angle. 


It is shown in [72] that prisms with wedge-like scanning cause a number 
of defects and namely: 1) misalignment of the image of the axial point 
of the object with respect to the center of the visual field and also 
rotation of the image, 2) transverse chromatism, and 3) aberration of 
the coma. 
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Figure 3.15. Layout of Camera With 
Image Stabilization: 
l1--rectangular prism; 2--objective; 
3--Dove prism; 4--photographic film 


The indicated aberrations cause additional momentum of the image due to 
rotation of a weak optical wedge, mounted in the convergent beams, with 
respect to stabilization systems, and namely: 


1) upon rotation of the prism about the axis parallel to the edge 
of the wedge by the value: 


where 1 is the distance from the output edge of the prism to the image 
plane; 


2) upon rotation of the prism about an axis perpendicular to the 
edge of the wedge and parallel to the principal cross-section by the 
value 


AV = 1 (—6 = tgisini ~— 20 (n — I)sin? =). 


Compared to stabilization systems, developed on the basis of mirror 
elements, the use of reflecting prisms permits one to develop optical 
devices with smaller overall dimensions, but these systems have more 
sources of error. Moreover, advances in development of lightweight 
mirrors, for example, mirrors of beryllium or graphite-epoxide materials 
having low density, essentially permit one to develop stabilization 
systems based on them with smaller mass than prism systems. 


3.3. Composite Stabilization Devices 
Stabilization devices with optical wedge and flat mirror. The operator 


matrix of a stabilization device, consisting of an optical wedge and 
flat mirror, can be represented by the following expression: 
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M,. = M,.,.M,M,.,. 


Let us limit ourselves to consideration of paraxial beams (as in section 
3.1) for the capabilities of the joint action of an optical wedge and 
reflecting surface, and by analogy with section (3.1), let us consider 
the design of an optical wedge compensator, consisting of two adjacent 
lenses, and one of the surfaces of the fixed lens has a reflective 
coating (Figure 3.16). The optical axis of the device does not coincide 
with that of the fixed lens of the optical compensator and forms some 
angle with it. 











Figure 3.16. Optical Wedge Compensator: 
i--movable lens; 2--fixed lens; 3--reflecting 
surface; nj, no, n3--refractive indices of 
corresponding media; R;, Reo, R3--radii of 
curvature of surfaces of lenses 


Using the same notations as in section 3.1, we find the angle of 
deflection of the beam from the initia! position in the form 


x% = 2 (14 “) (2 - )x 





d; d,d, My deny = 4 
x [Ro t+ pee (Gt — 1) +o | + (3.90) 
r dy (ny — Me) ny }) 
+I Rp my ty |? 











We find in the special case at n; = no =n and ny = 1, Ry = Rg = » that 


rv] 2n0. ‘- (3.31) 


This device can be mounted both in parallel beams and in convergent 
beams in the rear segment. Realization of this principle ina 
reflecting-lens telescope is shown in some patents. (Footnote) (U.S. 
patent 3,761,157, U.S. patent 3,761,158, French patent 2,203,567) The 
layout of this system is shown in Figure 3.17, a. A flat mirror, which 
is placed in a closed container and is held in space by magnetic 
suspension, is provided in the optical system. When the entire device 
is rotated, the mirror is rotated by an angle, different from the 
rotation of the entire device, and a liquid wedge is formed between the 
mirror and the porthole of the container. It is obvious that the 
condition of stabilization is determined by the expression 


2nOL -= of’, (3.32) 


where n is the refractive index of the liquid, 8 is the angle of 
rotation of the mirror, y is the angle of rotation of the entire device, 
L is the distance from the surface of the mirror to the focal plane, and 
f’ is the focal distance of the objective. 


The following function should be fulfilled upon fulfillment of the 
condition of parallelism of the incoming and outgoing beams: 


an@L = qf’ (1+), (3.33) 


where (as in the previous systems) the "+" sign is related to systems 
without inversion, while the “-" sign is related to systems with 
inversion. 


Stabilization devices with telescopic system and optical wedge. To 
determine the correlation between rotations of these two systems and the 
condition of image stabilization, let us assume that the afocal system 
is placed in a container, the inlet and outlet portholes of which are 
planoparallel plates (Figure 3.17, b). Let us consider different 
versions of the mutual motion of an ofocal system and a container with a 
liquid. Let us also assume that the entire container is rotated ahout 
some point, lying on the optical axis, by some angle, while the afocal 
system retains its position in space, i.e., an optical wedge with angle 
equal to 8 at the vertex was formed between the porthold and the primary 
surface of the afocal system (Figure 3.17, c). A parallel light beam, 
after refraction in this wedge, will arrive at the input of the afocal 
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system at angle @ - (8/n). Upon magnification of the afocal system I’, 
the beams emerging from it are deflected by angle [(# - 8/n) with 
respect to the initial position. ** 























Figure 3.17. Layouts of Composite Stabilization Devices: 
a--flat mirror and optical wedge; b, c, d--liquid optical 
wedge and telescopic system; e--optical edge formed by 
lenses and telescopic system; 1--objective; 2--container 
and liquid; 3--movable mirror; 4--secondary flat mirror; 
5--angular mirror; 6--image plane; 7--afocal adapter; 
8, 11--fixed lenses; 9, 10--movable lenses 


Hence, it follows that the condition of stabilization of a bundle of 
beams with respect to the following system assumes the form: 


8 — 1 (eA — O/n) = 0, (3.34) 
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(¢—I(n— 1s 1 (3.35) 


The afocal system [ = 4 must be increased in this regard at refractive 
index of the liquid of n = 1.33. 


Let us consider another case when the container and afocal system are 
rotated by angle 8 about axis x (Figure 3.17, d). The beam to the 
telescopic system then enters at angle 6/n. If we rotate the telescopic 
system by angle ¢ in the opposite direction to stabilize the beam, the 
bundle of beams will enter the afocal system at angle (y - 6/n) and will 
comprise ['(¢ - 8/..) at the output. 


The condition of stabilization will assume the form 
p — TI (py — O/n) = (). (3.36) 


An optical system with magnification [ = 2 is required at B/» = 1.5 and 
n = 1.33, i.e., a system one-half as large as in the previous case. 


By analogy with the foregoing, formula (3.36) for visual systems assumes 
the form 


y (i — lj= 0 (f'/n) (l + I/T,). (3.37) 


Here [ is the magnification of the telescopic accessory, Is is the total 
magnification of the system, and I's = oR’ where tos is the 


magnification of the eyepiece. 


Similar combinations are also possible using optical glass wedges. The 
use of wedge systems having different refractive indices is possible. 
One of the possible designs is presented as an example in Figure 3.17, 
e. The system contains three elements: two optical compensators, 
formed by spherical lenses with single center of curvature, and a 
telescopic system, which is located between the optical wedges. Lenses 
8 and 11 are fixed, while the module containing lenses 9 and 10 and 
telescopic system 7 can be rotated in two planes about a point, 
coinciding with the center of curvature of the lenses of the optical 


wedges. 


The condition of compensation will assume the form 


(ny —1) PF —(n, — 1) = 1, (3.38) 


95 








where n; and no are the refractive indices of the marks of glass from 
which the first and second pair of lenses of the optical wedge 
compensators are made. 


Expression (3.35) is valid at nj = no. And, for example, an identical 
effect with variant corresponding to Figure 3.17, e, can be achieved at 
refractive index of n; = 2 and no = 1.5 using a telescopic system having 
magnification of only 1.5*. 


We note that the condition of total stabilization when using only the 
first pair of the wedge compensator alone is expressed by the relation 


(i — I) PF = 1, (3.39) 


With serial] combination of two telescopic systems, between which the 
wedge compensator is located, the condition of stabilization assumes the 
form 


lr, (a —1,) = l, 


where I’; and [’s are the magnifications of the first and second 
telescopic system, respectively, and n is the refractive index of the 


wedge glass. 





Figure 3.18. Layout of Brewster-Amichi Prism: 
A; and A3--angles at vertex of prisms; 
Ao--total angle 


Stabilization devices with telescopic system and flat mirror. It was 
shown above that the output beam will be deflected by a value determined 
by the function 6f upon rotation of a telescopic system 6f upon rotation 
of a telescopic system with magnification [. On the other hand, a flat 
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mirror causes corresponding rotation of the incident beam by an angle 
equal to 28 upon rotation about axis x and z. Thus, if an afocal system 
with magnification [ = 2* is placed in front of a mirror, a 
stabilization system can be designed without resorting to a reducer. If 
the mirror is placed in a medium with refractive index n, it follows 
from the foregoing that the required magnification of the afocal 
attachment is selected from the expression [ = 2n6/y, where 8 is the 
rotational angle of the mirror and y is the rotational angle of the 
system. The mirror should naturally be rotated in the direction 
opposite the rotation of the system. Rotation of the entire system 
about the optical axis is compensated by rotation of the mirror about 
the same optical axis, but the image is rotated by the same angle. 
Rotation of the mirror and rotation of the entire system are correlated 
to each by the ratio 1:1. Rotation of the image can be eliminated by 
introducing a Dove or Pechan prism into the optical layout. Thus, 
anamorphotic telescopic systems, which would have magnification 2* in 
one direction and -1* in the perpendicular direction, are required for 
direct reducerless stabilization; the mirror can than be mounted 
directly on the gyroscope rotor. Anamorphote systems either using 
cylindrical lenses or Brewster-Amici prisms can be used for these 


purposes (Figure 3.18). 


The latter system is the more technologically effective in manufacture 
and can be achieved in the following manner: the first prism with angle 
at vertex A; = 33°, second prism with angle at vertex A3 = 28°48’. The 
edges of the prism are parallel and the angle between the input surface 
of the first prism and of the first and output surfaces of the second 
prism is equal to A» = 53°. 


The dimensions of the prisms are determined by the dimensions and 
position of the pupil and visual field of the optical system. 








Table 3.1 
Pin Pork md 8 8; 
—§ —12°,42 2,213 —12°,35 — 12°56 
—4 —8° 14 2,083 —8°,09 —8° 22 
—2 4° 04 2,021 —4° 02 4° 08 
0 0,02 2,008 —0°,01 —0°,02 
2° 4° 02 2,038 —4° 01 -4-4° 06 
4° 8°17 2,118 —8°,15 -}+ 8° 24 
6° 12°54 2,267 —12°,50 -+ 12° 65 























The results of calculation for a real system are presented in Table 3.1 


[86], in which Bin and Core are the angles of incidence and deflection 


on the input and output edges of the prism, mg is anamorphotic factor, 
and 8’. and 8’. ere the angles of deflection for spectral lines C and F 


of the prism. 
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It follows from the data presented in Table 3.1 that the chromatic 
aberration is completely corrected within a visual field of 
approximately 12° and the anamorphotic factor essentially remains 
constant. 


Measurement results, which were made on a series of anamorphotes of the 
Lux Color Company, manufactured from cylindrical lenses and used for 
movie projection, are presented in [86]. These measurements yielded the 
following results: 


Bin Sor 
Meike iusaniaeevuvepexs 0 
re +3° 986 
a +8°,014 
+6° 20 DD +-12°,14 


Comparing the above data, one can state that anamorphotic systems, 
designed on the basis of optical wedges, are quite suitable for mounting 
in optical devices to stabilize the image field. 


3.4. Stabilization Devices With Fiber Optic Elements (VOE) 


Image motion compensation devices, designed on the basis of fiber optic 
elements (VOE), unlike the above compensation devices based on the use 
of traditional optical elements, act on the integral bundle of beams and 
guarantee the effect of the motion of the image due to spatial 
displacement of the fiber light guides, each of which carries 
information about one element of the image. These devices are generally 
a single fiber optic element or several combined fiber optic elements 
(i.e., a stack), mounted in the image plane and having the capability of 
spatial displacement either with respect to each other or with respect 
to the focal plane of the objective. 


A considerable number of layouts of these devices have now been 
developed, distinguished by the shape of the fiber optic, by their 
number, and by the direction of placement of the fibers. (Footnote) 
(U.S. patent 3,651,325, British patent 1,493,339, British patent 
1,483,878, USSR inventor’s certificate 853,599, USSR inventor’s 
certificate 623,976, USSR inventor’s certificate 731,412, USSP 
inventor’s certificate 769,479, and USSR inventor’s certificate 890,352) 
These designs of fiber optic compensators should correspond in the 
entire variety to some general requirements. 


First, the input surface of the fiber optic element or stack should 
coincide with the image plane of the objective; second, the output 
surface should contact or be optically connected to the image detector. 
Third, the combined surfaces of the moving elements of the compensation 
system should provide at least one degree of freedom to them to 
guarantee spatial displacement. Fourth, contact between all the fiber 
optic elements must be maintained or the space between them of not more 
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than six-seven diameters of a single fiber must be provided. Flat, 
cylindrical surfaces and also surfaces of revolution correspond to the 
last condition. The main types of combination surfaces, by which the 
separate fiber optic elements of the system can be limited and also the 
number of degrees of freedom and nature of the possible displacements of 
the fiber optic element can be provided, are presented in Table 3.2. 
this table also gives an idea of the number of possible variants of the 
system. 


Table 3.2 

Number of 

degrees of 
Noncircular cylinder 1 Forward 
Aspherical surface of revolution 1 Rotational 
Circular cylinder 2 Forward--1; 

rotational--1 

Sphere 3 Rotational--3 
Plane 3 Forward--2; 


rotational--1 


Table 3.2 permits one to design fiber optic elements, suitable for image 
stabilization The main versions of the stabilization devices are 
considered below. 


Stabilization devices with two combined fiber optic lenses. A 
compensation device using a fiber optic element, which consists of two 
combined lenses, is shown in Figure 3.19, a. The compensator contains 
an objective 1, in the focal plane of which a stack of two fiber optic 
elements that form a planoparallel plate in combination is mounted. The 
fiber optic elements are lenses: planoconvex 2 and planoconcave 3, the 
single light guides of which are parallel to the optical axis of the 
objective in the neutral position. An image protector, for example, 
photographic film, is combined with the output surface of the fiber 
optic element 3; the fiber uptic element 2 and objective 1 are rigidly 
connected to each otiier into a single module having the capability of 
being rotated about an axis perpendicular to the optical axis of the 
objective and passing through the center of curvature O of the combined 
surfaces of parts 2 and 3. The image is displaced along the output 
surface when module 1 is rotated about this axis. 
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Figure 3.19. Stabilization Devices With Two Combined 
Fiber Optic Lenses: 
a--with movable planoconvex lens and objective; 
b--with movable planoconvex lens; c--with movable 
planoconcave lens; 1--objective; 2, 3--fiber optic 
lenses; I, II, IIl1--surfaces of combined lenses 


Based on the method of determining the motion of the image, outlined in 
Chapter 1, it is easy to show with respect to compensation devices in 
which fiber optic elements are used that the motion of the image is 


determined with sufficient degree of accuracy by the following 


expression: 


__ gta 1+ tg? w’ 
Uns — 1 T—wo4 





P+ 120 + + 4 aay 
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(3.40) 








where » = yt is the angle of rotation of the module during recording, : 
is the angular velocity of rotation of the module, t is the e€ <posure 
time, 2w’ is the angle of the visual field of the objective, x, and z, 
are the coordinates of the rear nodal point of the objective with 
respect to the rotational axis, f’ is the fucal distance of the 
objective to be used, and A is the thickness of the fiber optic 2 along 
the optical axis. 


The distribution of the compensation rate with respect to the field will 
be different as a function of parameters x,, z,, and A. 


Let us consider the different versions of the position of the rear nodal 
point with respect to the rotational axis of the module. 


First case. Let x = 0 and z, #0, i.e., the rotational axis passes 
through the optical axis of the objective. The motion of the imege will 
vary by field symmetrically with respect to the center of the field and 
these changes will approach zero at w’ - 0. Specifically, the variation 
of the motion of the image with respect to the field will be similar to 
variation of the motion of the image in the case of using a two-wedge 
compensator, mounted in front of the objective and rotated in different 
directions at identical velocities, at parameters A/f’ = 0.2, z,/f’ = 

= 1.5, y = 0.01 and 2y’ = 40° (Table 3.3). 





















































Table 3.3 
(1) (2) 3uaucnne HECKOMIIEHCHPOSse HHOn CKOPOCTH, ") pu vee | 
Bua Komuencatopa een | 
20 | —15 | io | -s | o | 5 | 19 | is | 9 
| (3) : 
Bo..okoHuHo-ouTH- 9 4,5 2 0.5 0 0,5 2 5 10 
yueckhit _ 
Ontnueckni Kyte | 13 7 3 l 0 | 3 7 13 
HOBO 4) 
KEY: 
1. Type of compensator 3. Fiber optic 
2. Value of uncompensated 4. Optical wedge 


velocity, percent at angle 
of visual field w’, ° 


Second case. Let x, # 0 and z, # 0, i.e., the rotational axis of the 
module is shifted with respect to the optical axis. It is then easy to 
guarantee monotonic variation of the motion of the image at 
corresponding parameters of x,, z, and A. To do this, the following 
condition must be fulfilled: 
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It is known that monotonic variation of the motion of the image from one 
edge of the photograph to another occurs during forward frame 
prospective photography. Image velocity compensators (KSI), known up to 
the present, do not provide the required degree of compensation and, 
therefore, the effect of the motion of the image is achieved in 
equipment of this class only by using short delays. Data on the degree 
of compensation of image motion in equipment of this class, provided 
there is total compensation for the middle layout, are presented in 
Table 3.4 for illustration. If a fiber compensator, for example, with 
parameters x,/f’ = 1.0, z,/f = 0.7, and A/f = 0.2, is used, the degree 
of compensation is increased sharply (Table 3.4). The calculation was 
made for angle of inclination of the equipment a = 50° and for total 
angle of the visual field of the apparatus of 2’ = 40°. 





Table 3.4 
(1) anh Sine necKOMNeNCHPOBAHHOM CKkOpocTH, °%, pH yrae 
MCKAY HAANPOM WH HanpaBnAennem BUIHpOBaNHA, (% + @’)° 


Bua KomMnencatopa 








30 35 40 45 50 | 55 | 60 | 65 70 





Botoxonno-ontiyecknid 3? 47 | 32 | 231 10 | O 9/18] 16] 12 
Ontuyecknit Kannospon(4) 57 43 32 18 0 25 | 60 | 116} 215 






































1. Type of compensator 
2. Value of uncompensated velocity, percent, at angle between 


nadir and direction of sighting (@ + #’)° 
3. Fiber optic 
4. Optical wedge 


Third case. Let x, = 0 and z, = -A, then formula (3.40) will assume the 
form 





. / 14- tg’? o’ . ’ 
ua © [0 (<a — |) ~ fo tere’. (3.41) 


It follows from this formula that the motion of the image at any 
inclinations of the module is equal to zero in the center of their 
frame. The image whose velocity has quadratic dependence on angle 


102 








-tg?s#’ moves at points that do not coincide with the center of the 
frame. Specifically, this value comprises only 3 percent for 2w’ = 20°. 


The given variant corresponds to the greatest degree to the operating 
conditions of a stabilization system and only the fiber optic part 3 and 
the image detector combined with it are stabilized. 


A version of a fiber optic compensator, in which lens 3 is displaced 
jointly with the image detector, is presented in Figure 3.19, b. The 
radius of curvature cf the lens can be arbitrary. The nature and value 
of the resulting motions of the image will differ from that considered 
ibove . 


It follows from Figure 3.19, b that the motion of the image upon 
rotation of lers 3 at angular velocity y is determined from the equation 


sin ay 


——_tt (3.42) 


Vin = —@ : 
sin ay II 


where R is the radius of the curvature of the combined parts, aT is the 


angle betweent he surface II and the direction of the fibers, and ar 
is the angle between surface III and the direction of the fibers. 


I 


It follows from the figure that sin OT sin(90° - jg), where # is the 


angle between the optical axis Oz and the radius that joins point A» and 


O; sin rn = sin 90 = 1, i.e., 


Una = —@R cos f. (3.43) 


It is more convenient for practical purposes to turn to the rate of 
compensation as functions of coordinates x of the depicted point on 
surface I, coinciding with the image plane of the objective. It follows 
from Figure 3.19, b that sin J = x/R. Formula (3.43) then assumes the 
form: 


Una = —@ y R? —_- x. (3.44) 


A similar effect is achieved in the case of designing e system when a 
fiber optic lens 3 has a radius of curvature of opposite sign (Figure 
3.19, c). It is easy to show that the function that determines the 
motion of the image coincides with function (3.44). 


103 








Thus, the sequence of arrangement in a system of convex and concave 
fiber elements has no effect on the value of the compensation rate. All 
the above mathematical calculations were made on the condition that the 
directions of the fibers of both elements were parallel at the moment of 
exposure, i.e., the recording (exposure) time was infinitely small. The 
evposure in real systems occurs within a specific time segment t. The 
rotating element of the system is rotated during this time by some angle 
and the directions of the light guides of both elements cease to be 
parallel, which results in variation of the motion and, accordingly, in 
the residual shifts of the image. The residual shift Av for the 
considered design systems is determined by the following expression: 


Av = R(otcoswt — 4 1 -- @f sin w/). (3.45) 


Stabilization devices with three combined fiber optic lenses. The stack 
consists of three elements, which in combination form a planoparallel 
plate (Figure 3.20). The central element 2 is made in the form of a 
sphere with radius R, while elements 1 and 3 are planoconcave lenses of 
the same radius, i.e., all the surfaces have a center of curvature that 
passes through point O. 



































Figure 3.20. Stabilization Device With 
Three Combined Fiber Optic Lenses: 
1, 2, 3--fiber optic lenses 


let us consider the variation of motion of the image upon rotation of 
the spherical fiber element 2. It is obvious that the value of the 
image shift A. will be different for different points on the output 


surface of lens 3 upon rotation of spherical lens 2 by angle y; it is 
determined by the expression: 
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A. = d, sin 4, (3.47) 


where qd, is the length of the fiber of the spherical lens 2, combined 
with the given point of the image. 


Let us take arbitrary point A with coordinate x. Its image A’ on the 
input surface of rotary lens 2 lies at angle # toward axis Oz, and: 


VR? — x? 


sinB =-——-; cosq ahemee same (3.48) 


R 


Point B’ on the input surface of lens 2, lying on arc p + 4, will be 
combined with the image after rotation of lens 2 by angle (clockwise). 
the coordinate of this point along axis Ox is equal to 


x, = Rsin(p +), (3.49) 
and the length of the light diode at this point is 
d, = 2R cos (p + f). (3.50) 
Function (3.50) with regard to formulas (3.48) will assume the form 
d, =2(v¥ R® — x*cosq — xsing), (3.51) 
while the amount of shift of the image is 
A, = dysing = 2sin ¢ (Y R?— #cos¢p —xsin@), (3.52) 
or 
A. = PY Rt— x sin? p — Qxsin®y. 


\ 


It follows from this formula that the maximum shift of the image will 
occur near a point with coordinate x = -R sin » and it is equal in value 


to A. max = 2R sing. 
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The extent of the shift decreases as the distance from this point 
increases, since the length of the light guides decreases. For example, 
the shift for a point on the axis is equal to 


A, = 2R sin pcos ¢ = R sin 2. 


Accordingly, the image is not only shifted on the output surface of the 
stack, but there is some transformation of the image upon rotation of a 
movable fiber optic element. Thus, the left side of the image is 
extended somewhat, while the right side is contracted with respect to 
Figure 3.20. The entire image is shortened, since its outermost right 
point is displaced by a lesser value than the left point. However, the 
distortion is insignificant at small values of the angle of rotation 
and can be estimated by using the above expressions. 


Let us consider the nature of variation of the motions of the image of 
points lying on axis Ox (y # 0). Let us split the spherical iens with 


plane parallel to plane xOz at distance y from the origin. We find in 
the cross-section a circle of radius 


R' =VR— #. (3.53) 


Having substituted the value R’ into formulas (3.51)-(3.53), we find: 





d, =2y R?—x*-- y cose — xsing: (3.54) 





A. = 2sing (p R? -- x? — y*? cosy — xsing), (3.55) 


or 





A. = vy R?—x* — x sin 2p — 2x sin? «. (3.55a) 


Functions (3.54), (3.55) and (3.55a) permit one to determine the shifts 
of the image for any point on the input surface of lens 2. These 
formulas state that the shift decreases as the distance from the center 
increases. 


A sample pattern of geometric distortions, introduced by a fiber system 
of given type, is shown in Figure 3.21. 
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Figure 3.21. Pattern of Geometric 
Distortions Introduced by Rotation of 
Fiber Optic Element: 
1--configuration of initial image; 
2--configuration of image upon rotation 
of fiber optic element 


It also follows from expression (3.55a) that the motion of the image 
will depend on the coordinates of the point and on the angle of 
rotation, i.e., 


Ups = A, = 


= 2@ (cos? py R?—x?—y’? — xsin 2X). (3.56) 





The shift of the image in its absolute value is rather smal] during 
exposure of the frame, and the compensation rotation will also be small. 
Thus, the angle of rotation will comprise approximately 3° at the 
required compensation shift of 0.5 mm and at diameter of the spherical 
lens of 10 mn. 


One can assume that the length of the fiber, combined with a given point 
of the image, remains constant during the delay time. The shift of the 
image for this point will then be determined only by the angle of 


rotation of spherical lens 2, i.e., by A. =d,sing@ ~ d,7, while the 
motion of the image will be proportional to the thickness of the movable 
lens at a given point v,, = A. = gd,. 

This thickness is easy to determine as the difference of cuordinates zo 
and z; of points lying on the surfaces of an inverted lens at the point 


of intersection with the straight line, passing through a given point of 
the image parallel to axis Oz, i.e., 





d, = 2YR?--x* — y. (3.57) 
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Using this formula, one can easily determine the value Vas for any point 





of the field and also the relative error of the rate of compensation on 
the edge of the field compared to the central point. 


Example. Let R = 35 mm and let the frame be 20 « 20 mm. We then have 
for the most distant point with coordinates x = #10, y = #10 from 
formula (3.57): 





ds. up = 24/ 35® — 10* — 10? = 64 mm; 
dyno = 2:35 = 70 mM— thickness along axis Oy; 


_ ds. Kp Ano 


§= = 5,7%,. 





dy. up 


The motion of the image on the edge of the visual field is 5.7 percent 
less than that in the center. 


If the condition of automatic stabilization is given, it follows from 
formula (3.57) that the condition 9,d,= /’@,,. Should be fulfilled. 


If the angular rates are equal, the focal distance of the objective 
should be equal to the diameter of spherical fiber lens, which limits 
very considerably the range of application of this device. A mechanism 


with transfer factor k > 1 is preferable, then rd, = f’p, where by, = 
= kp. 


For example, a spherical lens with one-half the diameter of the focal 
distance of the objective is required at k = 2. 


Stabilization devices with planoparallel fiber optic elements. It was 
shown above that fiber optic elements, which are a planoparallel plate 
in which the individual light guides form an angle with the input and 
output surfaces differing from 90° upon rotation about the axis 
perpendicular to them, causey motion of the image in a circle; the image 
itself remains parallel to itself, i.e., the fiber optic element 
coincides in its effect to the single rotary optical wedge. 


The combination of two similar fiber optic elements, rotating in 
different directions at identical angular rates w, leads to motion of 
the image at a rate whose amplitude is generally determined by the 
following expression: 





tn = OV Ti+ + Qryrocos ul, (3.58) 
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While +r, = d,/tga,; r = d,/tga,, Where d; and dy are the thicknesses of 


the corresponding fiber optic elements and a; and @ are the angles of 
inclination of the light guides in the corresponding fiber optic 
elements. The angle of rotation of the velocity vector with respect to 
zero position € is determined by the expression 


A 


wil, 
A+ tg). (3.59) 





€e = arctg ( 


It follows from expression (3.58) that the motion of the image will 
retain its direction at d; = do and r; = ro and it will vary by harmonic 


law, 1.€., Ug, = 2wr cos wl. 
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Figure 3.22. Layout of Stabilization Device 
With Planoparallel Fiber Optic Elements: 
1, 2, 3, 4--planoparallel fiber optic element; 
5--drive for mutual rotation of elements 3 and 
4; 6--drive for mutual rotation of elements 1 
and 2; 7--drive of stabilization system 


A variant of a combination of flat fiber optic elements is presented in 
Figure 3.22, which can be used as an actuating element in an image field 
stabilization system. The stack of fiber optic elements consists of 
four plates, which are combined in pairs such that there is no 
misalignment of the image with respect to the optical axis. Moreover, 
the plates of each pair have the capability of being rotated with 
respect *o each other. Each of the pairs causes no additional 
displacem 7ts whatever upon rotation in the neutral position. If pairs 
of fiber optic elements are rotated about the optical axis in opposite 
directions and if additional rotation of the constituent parts is given 


in each pair, the amplitude will vary from 0 to Umx = 4@rcos wl. at the 
same rotational velocity w. The direction of motion of the image will 
also vary. 


Flexible fiber optic elements find their application as the element of a 
stabilization device in optical mirror-lens systems. One of these 
solutions, developed by the Rank Organization with respect to wide-angle 
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observation systems (up to 120°), is presented in Figure 3.23. 
(Footnote) (British patent 1,374,765) This system contains a 
mirror-lens objective with spherical concave mirror 1, which focuses the 
light impinging on it on the curvilinear surface of the image 4. The 
center of curvature of the surface of the image coincides with that of 
the spherical mirror, while the radius of curvature comprises half that 
of the spherical mirror. Flexible fiber light guides 2 are used to 
transmit the image to the output module. The fiber elements in the form 
of a flat tape or strand are attached together with the mount of the 
lens system in a gimbal suspension, upon rotation of which the image is 
scanned with respect to the center of curvature and it is transmitted by 
the fiber elements. Misalignment of the image due to vibrations is 
eliminated and formation of a stable image is provided in the output 
module of the device. 








Figure 3.23. Stabilization Device With 
Flexible Fiber Optic Elements: 
1--mirror; 2--light guide; 3--surface 
of light guide; 4--surface of image 


3.5. Stabilization Devices Using Elements of Objective 


Stabilization devices in mirror objectives. (Footnote) (This section 
was written jointly with Yu. A. Stepin) A so-called "neutral point," 
located on the optical axis of the main mirror, exists for two-mirror 
optical systems. Rotation of the secondary mirror with respect to it 
does not worsen the quality of the image, but results only in 
misalignment of the image. This mirror can generally be used as the 
element of an image field stabilization system. The neutral point for 
Cassegrain-type objective, for example, lies at the following distance 
from the vertex of the secondary mirror (Figure 3.24) [51] 


Xn = > Bol sxe = F So, (3.60) 


110 








where f = —S/S9q = 4 g fi/ So. 
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Figure 3.24. Diagram of Two-Mirror Objective: 
1--main mirror of objective; 2--secondary mirror 


It is pointed out in [51] that aplanatic two-mirror systems, for 
example, the two-mirror layout of a Ritchey-Chretien telescope, permit 
rotation of the secondary mirror with respect to a neutral point by a 
larger angle than non-aplanatic systems. The distance from the apex of 
the mirror to the neutral point is determined by the following 
expression: 








— (1—P*)(1—q)Bq » _ 
tw = £ By) + BF foxe = + mm B BQ/ au». (3.61) 


(1 — P*)(l —4@) 





It follows from comparison of formulas (3.60) and (3.61) that the 
distance of the vertex of the secondary mirror to the "neutral point” is 
less in aplanatic systems, which has a considerable effect on the design 
of the image field stabilization device. The calculations presented in 
{61] show that the neutral point lags behind the vertex of the mirror by 
Xy = -0.646 m for an aplanatic space telescope, made according to the 


layout of a Ritchey-Chretien telescope with mirror diameter of 2.4 m and 


f’ oxa = 57.5 m. 


Stabilization devices in lens objectives. Rather large decentering of 
opt cal systems without significant deterioration of the quality of the 
optical system is permissible in lens optical systems containing 
aplanatic surfaces. Compared to mirror systems, lens systems contain 
8-12 and sometimes 20 individual lenses each and their combinations 
determine the enormous number of layouts of the objective and 
modifications of them; therefore, analytical determination of “neutral” 
points induces specific difficulties. However, this variety of layouts 
permits simultaneous decentering of several surfaces. A procedure that 
permits one to determine surfaces which can be decentered and can be 
used to design image field stabilization systems will be considered 
below. The method of mutual compensation of decentering, developed by 
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Yu. A. Stepin, is used extensively in design of high-quality optical 
objectives (especially in those cases when the required tolerances on 
decentering of individual lenses are extremely high and are essentially 
impossible to fulfill). Yu. A. Stepin demonstrated that there are 
surfaces in objectives of different classes which mostly form a 
quasi-aplanatic system in combination. This method was also applied to 
image field compensation systems. 


Tt. was established that the statement that there is a linear dependence 
between the increment of aberration and misalignment of the image due to 
decentering is valid with sufficient degree of accuracy for objectives 
with angles of the visual field of 2w’ < 20° [72]. 


With this condition, the increment of aberrations and the misalignment 
of the image with decentered optical elements can be found from the 
following expressions to an ideally centered system: 











p , 
> [6 Ay, |; 
6 = [6 Agi ~ [6 Aya), SE, 
2 [6 dyn | (3.62) 
Sioux), | 
5 Ay, |, 
AS = Aycor + Aycon = . 
Beam | 
where 16 Ay’s|, [8 Ayn |i are the absolute increments of aberrations at the 


i-th point of the image field of the k-th and n-th elements of the 
objective, respectively, during identical decentering of them by by, 


Ayor, Aycon are misalignments of the image with the same decentering 


p p 
bk of the same elements of the objective, and )) | 6 Ayi a | > 18 Aya |i | is 
a | (=: 


a coefficient that determines the relationship between decentering of 
the k-th and n-th elements, at which there is mutual compensation of the 
increments of aberrations of the objective caused by them. 


It is easy to show that the values of decentering b, for the k-th and by, 
for the n-th elements of the objective are linked by the relation: 


p ’ 
Y | 8 dy; |; 


b, = bn, = , (3.63) 


p 


x16 Ay, |i 
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One can write with regard to the above arguments and also using the 
dependence between the small scattering circle of the system, spatial 
frequency and FPM on this frequency [20] 


p \ 
Dd 6 4y, |; 

Boew + | [8 Aye fi — 16 Ayn |, = 
pa [6 Ay, , 








2 = 
as V 2,5 (1 — 1). 





Hence, 


p 2 
>» | by, F 
T = 1—0,1] Soen + 6 Aye |p — 15 Aga |; ad n?N?, 


Ei) 


Taking into account that 7.,, = exp (—2n*aiN*), where Ton is the FPM of a 
random shift of the image and a, is the misalignment of the image during 


the delay, we find the criterion for estimating the suitability of 
selected optical elements for solution of the compensation problem 


p 

Sioa) 

10,1] Soon + 18 dys) — [8 Ayn |: = ] ] aw? > (3.64) 
pa |5 Ay, |; 





> ky exp (—20 7a ia8)s 


Table 3.5, which is a summary of the effective of decentering of the 
surfaces of lenses of the objective on the position and quality of the 
image shaped by them with alternate decentering of each of the surfaces 
by the same value, can be used to determine the most suitable surfaces 
or elements of the objective, suitable for the role of image motion 
compensator. These tables are compiled in development of any objective 
according to known programs that guarantee calculation of the path of 
real rays. 
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Table 3.5 




















(4) Hpupeamenne aGeppanna 
(1) (2) (3) Aaa norepxuecich 
™.. , * —— AGeppanua m 3 mm 8 
ane Geen | metnanae Ry A 5) npu np np 
— Ss en: ae ¢ = 0,2 b = 0.37 wm, | b= 0.2 er, 
Atco = Aveo = Aven ” 
= 0.476 uM = 0,865 uM a — MAUL cree 
33.3 0,001 0.015 0.028 —0,028 
0 23.56 —0.002 0.007 0.013 —0.013 
— 23,56 0,002 0,007 0.013 ~O.014 
~- 33,33 — 0,001 0,014 0.026 —(0,030 
31,14 0 0.027 0.050 —0,052 
and” 30’ 16,00 —0,.001 0.010 0.018 — 0.018 
— 16,00 0,001 —0.004 —0.007 0.005 
—30,8 0,002 —0,001 —,002 0 
23,81 0 0,025 0,05 —0.054 
7° 8,00 0 0.007 0,013 —0.014 
—8,.00 0 —0.006 0.010 0.010 
—25,50 0,001 —0,014 —0,026 0,023 





























KEY: 
1. Angle of visual field of objective ws’ 
2. Coordinates in plane of exit pupil, mm 
3. Aberration of initial system, mm 
4. Increment of aberrations for surfaces 
5. at 


The increments of aberrations of the initial value with respect to 
Octon-5 objective are presented in Table 3.5. In this table, b is the 
decentering of the surface and Ay’ C is the misalignment of the image. 


It follows from Table 3.5 that the increment of the aberrations, caused 
by decentering of the eighth optical surface by bg = 0.2 mm is 
essentially compensated completely for all angles w’ and points m of the 
working field of the increment of aberrations, caused by decentering of 
the third opticai surface in the same direction by bg = bg-1.85 = 0.37 
mn, where 1.85 is the coefficient of mutual compensation of aberrations. 
It also follows from this table that the image is misaligned by AY’ 203 = 
= 0.468-1.85 = 0.865 mm (0.468 mm is the misalignment of the image upon 
decentering of the third surface by bg = 0.2 mm) upon decentering of the 
third surface by b3 = 0.37 mm, while the image is m-=aligned in the 
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opposite direction by AY’ 508 = -0.532 mm upon decentering of the eightna 


surface by bs = 0.2 mm. Thus, simultaneous decentering of the third and 
eighth surfaces in the same direction with transfer relation (1.85) 
causes misalignment of the image by AY 693 3 = 0.865 - 0.532 = 0.333 mm 


with the quality of the image created by the objective practically 
unchanged. Thus, the third and eighth surfaces form a quasi-aplanatic 
system in combination. 






































Figure 3.25. Arrangement of Objective With 
Movable Lenses: 
1--focal plane; 2, 6--articulated rods; 3-- 
sensor of rate of misalignment of image; 4-- 
processing system; 5--processing mechanism; 
7, 9--movable mounts; 8, 10--lenses 


One of the possible solutions of an objective with movable lenses is 
presented in Figure 3.25. The objective constructs an image of the 
objects to be observed on a surface combined with the image detector. 
The image is displaced in the focal plane 1 of the objective during 
photography from a moving base. The sensor of the rate of misalignment 
of the image 3 issues a signal to the image displacement development 
system 4. The development mechanism 5, using articulated rods 6 and 2, 
rotates mounts 7 and 9, respectively, about axes passing through the 
centers of curvature 0; and O». As a result of these rotations, the 
second surface of lens 8 and the first surface of lens 10 remain 
centered, and the first and second surfaces of these lenses, 
respectively, are decentered by b3 and bg, providing mutual compensation 
of aberrations, which are caused by this decentering. The indicated 
displacement of the lenses (decentering of two surfaces) results in 
compensation of image misalignment, caused by motion of the base with 
the device attached to it. 


There is sometimes the possibility of not rotating the lenses of the 
objective, but of shifting them parallel to the optical axis by the same 
value. This can be illustrated on an example of the Tair-3 objective, 
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widely used in amateur photography and having the following data: 


= 300 mm, aperture ratio of 1:4.5, and 2s’ = 


Data obtained as a result of misalignment of individual lenses are 


presented in Table 3.6. 


8°. 









































Table 3.6 
(1) (2) (3) (4)Mpupamenne aGeppaunt aan ann: 
Yroa K 1 | i it 
oro. CoopaAnnati 
spenen n goexoe ‘ak (5) "Pp" b = 0,2 ms 
06 LeK- apauka, Mm | CHCTEMBI, MM s ; 7 
THBa @’ Ayco oo Suc om Aveo = 
= 0,423 sm = —0,215 saf— —0.008 svt 
30 —0,026 0,044 —0.042 —0,.001 
15 —0,005 0.010 —0.009 0 
0 —15 0.005 0.010 —0.01 —0.001 
—30 0,026 0.044 —0,043 —0,002 
30 —0,028 0,038 —0,033 —(),005 
6 15 —0,007 0,008 —0,005 —0,002 
. —15 0.007 0.013 —0.015 0.001 
—30 0,014 0,053 —0,055 0,02 
30 0,059 0.041 —0,027 —0.015 
} 15 0,010 0,007 —),.002 — 0,008 
‘ —15 0,010 0.017 —0.020 0.003 
30 0,003 0,063 —0,07 0,005 








f’ 


KEY : 
1. Angle of visual field of 3. Aberrations of initial 
objective w’ system, mm 
2. Coordinates in plane of 4. Increment of aberrations for 
exit pupil, mm lenses 
5. at 


It follows from the table that misalignment of the first two lenses in a 
direction perpendicular to the direction of the optical axis results in 


misalignment of the image by approximately the same value essentially 
without a deterioration of image quality. 


Experimental results of changing: the resolution of the Tair-3 objective 
as a function of decentering, which confirm the correctness of this 
approach in development of compensation systems, are presented in Figure 
3.26. The given graphs show that the quality of a system for the center 
of the visual field essentially remains unchanged even when the system 
is decentered by #2.5 mm. The permissible amount of decentering 
decreases as the visual field increases, but it can be permitted up to 1 
mm even with regard to the edge of the field. 
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Figure 3.26. Measurement of Resolution of 
Tair-3 Objective Upon Decentering of Pair 
of Lenses 


If one takes into account that photography is carried out using cameras 
with exposure time of 0.01 s or less, this decentering permits one to 
compensate for rates that reach values of 100 mm/s or more. 


Stabilization devices in objectives with nonplanar image field. There 
is a class of objectives in which the image is arranged along the 
surface of the sphere or cylinder. Let us consider the possibilities of 
developing apparatus in which these objectives are used. A working 
diagram of such a system under vibration conditions is shown in Figure 
3.27. 


Let us assume that an optical device having an objective which 
constructs an image along a cylindrical surface is rotated by some angle 
about the axis passing through the rear nodal point. Point A, lying on 
the optical axis at infinity, will be projected onto the same point of 
the cylinder. If the image detector has the shape of a cylindrical 
surface and is rigidly connected to the objective, blurring of the image 
blurs. However, if the image detector is made movable and if it is 
forced to maintain its initial position regardless of rotation of the 
projecting objective, then (as follows from Figure 3.27) the image will 
remain immobile. Thus, the image detector alone can be stabilized ina 
camera in which an objective of the Spherogon type or panoramic 
objectives developed by A. Bowers are used. (Footnote) (U.S. patent 
2,923,220) Specifically, if the image detector is photographic film, 
the leveling table with photographic film pressed against it must be 
stabilized with the respect to the rear nodal point. 
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Figure 3.27. Layout of Stabilization Device, 
in Which Objective With Nonplanar Field Is Used: 
00’, 0,0’;--optical axes of apparatus 


One should note an important practical conclusion, since the effect of 
stabilization errors in the direction of scanning can be correcte by 
spatial stabilization of the leveling table containing the photographic 
film with respect to the rear nodal point of the objective to be used in 
panoramic cameras, designed according to layouts in which scanning by 
rotation of the objectives about the rear nodal point is provided. 


One of the possible versions of this system is shown in Figure 3.28. 

The objective of the camera 1 constructs an image on a spherical or 
cylindrical surface, to which photographic film 3 is attached using 
leveling table 4. The carrier oscillates during aerial photography and 
all components of the AFA, rigidly connected to the body of the carrier, 
experience the same oscillations. Only the leveling table with the 
section of photographic film and the measuring roller 6 is stabilized in 
the AFA. Thus, all components of the chamber (except the leveling table 
and photographic film and measuring roller) are also rotated by angle a 
upon rotation of the platform, about its longitudinal axis by angle a. 
The image is not displaced with respect to the photographic film. 
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Figure 3.28. Layout of AFA in Which Objective 
With Sphericai Field Is Used: 
1--objective; 2, 5--drives; 3--photographic film; 
4--leveling table; 6--measuring roller 


Another example of stabilizing the image field by using the main optical 
components of the system is stabilization of the scanning devices 
directly. There are a number of panoramic cameras in which the exposure 
slot is fixed, while scanning is achieved either by reflecting or 
prismatic elements, for example, by a cube prism. This prism, mounted 
in front of the objective, is equivalent in its action to a flat mirror. 
When this prism is rotated about an axis coinciding with the reflecting 
edge and parallel to the exposure slot, the optical axis is deflected by 
a double angle in the space of the objects. The motion of the image 


caused by scanning is then determined by the relation v , * 2f’». 


On the other hand, rotation of the camera about an axis coinciding with 
the scanning axis causes additional motion of the image for the center 


of the photograph, equal to v = f’ 9, where vy is the angular rate of 


rotation of the camera in bank angle. Comparing these expressions, it 
is easy to conclude that regulated rotation of the scanning element is 
feasible in the direction of scanning in panoramic AFA with fixed slot 
for image stabilization, so that there is constant motion of the image 
in the focal plane and the effect of an error of the stabilization 
system on the quality of the recorded image is thus eliminated. 


There is also a class of panoramic cameras in which rotation of the 
optical system of the camera about an axis that does not pass through 
the rear nodal point is used for scanning. The image is located on a 
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cylinder of radius R # f’, while the motion of the image is expressed by 
the function [44] 


tus = (R— |’) @ = gz, (3.65) 


where z is the distance from the rotational axis to the rear nodal 
point. 


It follows from formula (3.65) that the motion of the image at R < f’ is 
directed in a direction opposite that of scanning, while the motion at 
R > Yr’ coincides with the direction of scanning. 


Thus, two stabilization devices must be introduced in these systems to 
stabilize the image field and namely: stabilization of the image 
detector with respect to the rotational axis of the scanning system to 
retain the position of the detector in space and simultaneous variation 
of the angular velocity of the scanning system. 


Thus, panoramic AFA with rotation of the objective about an axis not 
passing through the rear nodal point are less advantageous than 
panoramic cameras, designed on other circuits, from the viewpoint of 
developing an image field stabilization system. 


3.6. Stabilization Devices Using Mechanical Displacement of Image 
Detector 


The image on a photodetector must be stabilized in some engineering 
problems only for a comparatively short time period. An example of 
these devices are cameras in which the quality of the image is 
determined by its misalignment during exposure. The misalignment of the 
image during such a short time is small and can be compensated by 
comparatively small displacements of the elements of the optical system. 
(Footnote) (For example, the misalignment of the image is only 1 mm at 
image motion of 100 mm/s and at delay of 0.01 s) Displacement of the 
objective in a plane perpendicular to the principle optical axis of the 
device or displacement of the photodetector (photographic film) is 
possible, besides the above versions. The section of film in the 
exposure zone in the latter case can be displaced linearly in two 
mutually perpendicular directions in the focal plane of the objective 
and, moreover, may have angular displacements about the principle 
optical of the device. This procedure permits one to obtain more 
complete compensation of image misalignment. 


The design of an objective displacement mechanism or of an image 
detector should provide the necessary accuracy characteristics at 
minimal mass and overall dimensions. Detailed analysis of the 
alternative versions of using compensation is required in this regard. 
Devices that provide lateral displacement of the objective can be used 
efficiently only with comparatively small dimensions of the objective. 


120 








Otherwise, acceleration to the exposure time and subsequent deceleration 
of the mass of assembly result in the appearance of considerable 
reaction forces of the drives, acting on the base of the device, and as 
a result, oscillation of the device on shock absorbers. 


Displacement of the film in the exposure zone to stabilize the image can 
be used more efficiently when it can be rigidly attached and for other 
reasons as well. This situation occurs, for example, in some designs of 
panoramic AFA, in which the panning motion of the scanning element 
should be accompanied by the corresponding misalignment of the 
photographic film. The film speed should be controlled with regard to 
the requirements of image stabilization along the frame. The film must 
be misaligned in this direction as well to compensate for projection of 
the rate of shift of the image perpendicular to the frame. A direct 
solution of the problem is the useof the assembly shown in Figure 3.29. 
The guide rollers 1 with clamping rollers 2 and with drive motors 3 are 
mounted on a carriage 4, having one degree of freedom of displacement. in 
the transverse direction (toward the motion of the film). This linear 
motion can be provided by a cam mechanism 5 with drive 6. The use of 
two additional rollers 7, linked mechanically to the drive shafts, is 
provided to relieve the segment of film between the rollers of the fixed 
elements of the film transport mechanism. The film forms loops between 
rollers 1 and 7, which permit one to avoid deformation of the film in 
the exposure zone upon misalignment of the carriage. An obvious 
disadvantage of this device is the massive nature of the moving parts. 


The design of a film displacement assembly (Figure 3.30), in which only 
the section of film to be exposed, having small mass, makes a 
reciprocating motion, while the moments of the response of the frames, 
oscillating toward each other, are mutually compensated and, 
accordingly, the dynamic moments acting on the base in this design are 
minimal, is suggested in one paper. (Footnote) (USSR inventor’s 
certificate 1,151,913) 


The film is moved along rollers 1, 2 and 8, 9, which rotate freely about 
their own axes in frames 3 and 10, forming a S-shaped line on the 
rollers. The presence of transverse misalignment of the image due to 
displacement of the base is compensated by rotation of the frames about 
their own axes due to the action of eccentric 5 on levers 4 and 7. 
Frames 3 and 10 are returned by spring 6 to their initial position 
during the exposure time. If the diameters of the rollers are equal to 
D, the film is misaligned by S = ™, sin 3 upon rotation of the frames 


toward angle J. 
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Figure 3.29. Image Stabilization Device by Displacement 
of Photographic Film in Two Directions: 
1--drive roller; 2--clamping rollers; 3--propulsive device; 
4--carriage; 5--cam; 6--cam drive; 7--additional roller 


KEY: 
1. Exposure zone 














Figure 3.30. Film Displacement Assembly: 
1, 2, 8, 9--rollers; 3, 10--frames; 
4, 7--levers; 5--eccentric, 6--spring 


The mass of the film is small; therefore, its linear displacement does 
not result in the appearance of significant dynamic moments acting on 


the base. 


122 








The layout of the rollers is presented in Figure 3.31, a. The lines of 
the beginning and end of contact of the film with the surface of the 
rollers are denoted by: AB, CD, EF, GH. 


The position of the film is misaligned with respect to the rotors upon 
rotation of the rollers by angle # about axes OO and 0;0;, located in 
the middle of their length (Figure 3.31, b). 


The axes of the rollers occupy position A’;B’; and C’,D’,;, respectively 
(Figure 3.31, b). The film assumes the position shown in Figure 3.31, b 
by the dashed lines. It is obvious that the film is stretched. 


Component Fy n of elastic force Fy causes the film to slip along the 


rolier to the position denoted by the solid line, provided that 


(Fy + F,)sinB >(F, -+ Fy), 


where Fe is the force of the preliminary tension of the film and ¢ is 


the friction of the film against the rollers. 
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Figure 3.31. Diagram of Rotation of Guide 
Rollers (a) and Film Shifting Rollers (b) 


This condition can be written in the form J > & for small 3; warping of 
the film in the exposure zone can then be estimated by the formula 


AS = S, — Si = Sn (1 —cosf) = 0,5S,B°. 


Hence, AS < 0,5S,§?. We find AS < 5:10°5 m at & = 0.005 (lavsan on 
polished metal) and S,, = 0.4 m, which is quite permissible in most 
cases. 


Thus, the use of different mechanisms to realize compensating movements 
of the film in the exposure zone is related to the need to solve a 
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number of design problems. Careful estimation of the different versions 
of compensators is necessary to make a decision about the efficiency of 
one or several degrees of freedom of the film instead of using other 
devices. 


3.7. Electronic Image Field Stabilization Devices 


There are additional capabilities of developing an image field 
stabilization system (or rather an organization of an image motion 
compensation system, caused by random rotations of the entire apparatus) 
in observation apparatus, in which image detectors of the television 
tube and image converter tube (EOP) type are used. 


The essence of electronic stabilization systems is that misalignments of 
the image at the input (on the photocathode) of the EOP or of the 
television tube, caused by angular vibrations of the apparatus as a 
whole, are compensated by the corresponding misalignment of the 
electronic image when it is transported from the photocathode to the 
screen of the EOP or to the target of the television tube. Compensation 
misalignment of the electronic image is achieved by deflecting che 
electron beam by using electromagnetic or electrostatic deflecting 
systems. An electromagnetic deflecting system consists of two pairs of 
electromagnetic deflecting coils, mounted outside the tube. They permit 
deflection of the electron beam in two mutually perpendicular 
directions. The electrostatic deflecting system has two pairs of 
deflecting plates, mounted in two mutually perpendicular planes inside 
the tube after the anode cone. Special designs of the EOP or television 
tube are required for this system. Each pair of coils or plates is 
controlled by electric signals, fed from the angular position sensors of 
the camera in the same planes in which the deflecting coils or plates 
are mounted. As a result, the image on the EOP screen or on the target 
of the television tube is fixed. 


It should -be noted that the motion of the image can not be compensated 
electronically either on any image inverter tube or on any television 
tube. It follows from the foregoing that this compensation can be 
realized in a tube having an image transfer chamber. Moreover, the 
displacement of the electronic image may comprise fractions of a 
millimeter or several millimeters as a function of the design of the 
image tube. Otherwise, the quality of the image is reduced and the 
error in the rate of compensation on the edge of the image field 
increases. 


Let us consider some engineering solutions of the electronic image field 


stabilization system for a night vision device, developed by the Itek 
Corporation (Figure 3.32). (Footnote) (U.S. patent 3,515,881) 
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Figure 3.32. Layout of Device With Electronic 
Image Stabilization Systems: 
1--objective; 2--image inverter tube; 3--projection 
objective; 4--film; 5--electromagnetic coils; 6--gyroscope 


The objective 1 constructs an image on the input screen of the image 
inverter tube 2, from the output screen of which the image is 
transferred to projection objective 3 to film 4 or is viewed in an 
eyepiece. Two electromagnetic coils 5, in the windings of which is fed 
control voitage, proportional to the angular deflections of the optical 
axis of the camera with respect to two mutually perpendicular axes x, y 
of gyroscopes 6, are mounted inside the image converter tube. The given 
system can be used in a night vision aerial camera, in 
high-magnification optical sighting devices and in other observation and 
recording devices. However, the use of gyroscopes and of special 
integrated correcting circuits in the system results in a significant 
increase of the cost of the camera. The same company has developed a 
more improved automatic stabilization system. (Footnote) (U.S. patent 
3,577,206) The given device consists of an inner body, containing an 
objective and image converter tube. The inner body is in turn mounted 
in the outer body such that they move with respect to each other. The 
inner body is arranged with respect to the outer body in a gimbal 
suspension. The angular vibrating motions of the outer body with 
respect to the inner body induce electric current in the deflecting 
coils of the EOP, which in turn create a counter motion of the electron 
beam which stabilizes the image. Inexpensive small potentiometers are 
used to check the currents. 


The Itek Company first developed those systems for astronomical 
photography at which deterioration of image quality, caused by 
vibrations of the telescope, must be prevented. Systems with different 
information channels were developed. In some, information about 
displacement of the object and about the corresponding variation of 
current in the deflecting coils is provided by four photomultipliers. 
In others, acceleration sensors in the horizontal and vertical planes 
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are used. If the moving object must be photographed with a moving 
camera (for which not one system has been adapted separately), both 
types of stabilizers are used, connecting them to each other. 


This system permits one to obtain unblurred images of objects, vibrating 
at frequency up to 2,000 Hz. Specifically, this camera was used to 
photograph the valves of an operating internal combustion engine. An 
image motion compensation system during random vibrations of the camera 
can also be developed in optoelectronic devices, in which solid-state 
photosensitive charge-coupled devices (PZS) are used [54]. This device 
is an array (linear or two-dimensional) of single MOS components (metal 
+ oxide + semiconductor), arranged on a chip as close as possible to 
each other, so that there is an electronic connection between adjacent 
components [54]. 


The operating principle of the CCD is as follows. If a negative voltage 
is applied to any one of the electrodes, a stripped region is formed in 
the surface zone of the semiconductor (the free electrons are repulsed 
into the inside of the chip), which is a potential well for holes. The 
effect of light induces generation of charge carriers inside the 
semiconductor, the formed holes are attracted to the dielectric- 
semiconductor interface, and are localized in this surface layer. The 
charge accumulated in the potential well is proportional to the 
illumination of the element. 


If a high-amplitude negative voltage is applied to the electron 
(adjacent to that considered) at some moment, a deeper potential well is 
formed and the holes flow into it. Varying the control voltage on the 
electrodes in the necessary manner, one can direct transfer of the 
charge along the surface from structure to structure, up to exit of it 
from the chip, i.e., the spatial distribution of the light intensity in 
the CCD is converted to the relief of electric charges, localized in the 
surface region of the semiconductor. The charge packets flow from 
element to element, emerge to the outside, and yield a sequence of video 
pulses, adequate to the discernible specimen. 


The motion of the image is compensated by synchronous displacement of 
all the charge packets in the array during accumulation (exposure). 


A layout for designing a CCD array, in which the charge packets are 
stored and moved in the plane along two coordinates, was proposed in 
[79]. The device is formed by a two-dimensional block of MOS 
capacitors. Controlling the cadence voltages on the electrodes using 
external circuits, one can store and move the charge packets in any 
direction. 


Although this CCD array was not used in real devices due to the 
complexity of addressing the two-dimensional electrode block, the 
direction itself in development of these CCD arrays is promising, 
especially with respect to a camera mounted on a moving base. The 
problem of compensating the random motion in one coordinate is most 
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simply solved for CCD detectors, operating in the time delay and storage 
(VZN) mode. The image detector consists of a number of MOS elements, 
which form columns extended in one direction. The image is scanned in 
the direction of the columns. The cadence frequency of this scanning is 
assigned by image motion sensors and the delay between separate inputs 
should be equal to the time of displacement of the image from one MOS 
element to another. Thus, storage occurs in the same charge packets, 
but in spatially different elements of the array. A long storage time 
can be achieved in the absence of blurring of the image by using the VZN 
mode. The motion of the image along the second coordinate should be 
compensated by one of the above methods. 


If the rate of the charge packets differs somewhat from the rate of 
displacement of the image, image quality deteriorates. According to 
[6], the synchronization FPM is determined by the following function: 





Tyg — SUELO) (v/v) AL (eye 
(7,2) (v/vy) AL (Av wy! 


where ns is the Nyquist frequency for a CCD and We. = 1/(21,); ly, is the 


size of the light-sensitive element in the direction of motion, Av is 
the difference between the motions of the image and the rate of 
displacement of the charge packets, v is the rate of displacement of the 
charge packets, and M is the number of elements in the colum. 


It follows from this function that the permissible shift should not 
exceed one-third the size of the light-sensitive element; this shift 
comprises 5-10 gm under real conditions. 


3.8. Comparative Analysis of Functional Image Stabilization Devices 


The data presented in the previous paragraphs of the given chapter 
indicate the wide variety of image field stabilization devices. To 
determine the reasons for this variety, let us briefly consider the 
advantages and disadvantages of various image field stabilization 
devices. 


Thus, image field stabilization systems based on optical wedge systems 
(OKS), used in devices with resolution of approximately 1 angular 
minute, permit the presence of an angle of variation of the wedge up to 
5° (with regard to chromatic aberration of wedge compensators), i.e., a 
vibration amplitude of approximately 43° can be provided in a single 


wedge. 


Additional optical wedge systems must be introduced to correct the 
effect of chromatic aberration, which increases the overal] dimensions 
and mass of the entire camera. However, selection of one or another 
layout of wedge compensator will also be largely determined by the 
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operating conditions of the camera. For example, an OKS using movable 
lenses is rather simple to combine with the main gyroscope stabilization 
element. One of the lenses of the optical wedge is attached to one 
rotor of the gyroscope and holds its position in space regardless of 
vibrations of the apparatus itself. This principle can be used in 
devices of any designation. It should be kept in mind that the diameter 
of the rotary lens is increased by approximately 17 percent of the 
radius of curvature of adjacent surfaces upon vibrations of the system 
in the range of +5°, i.e., the increment is 51 mm with radius of 
curvature of 300 mm, which increases the size of the lens approximately 
1.5-fold with an entrance pupil of 100 mm. This is not always 
permissible. 


The range of application of liquid optical wedge systems (OKZhS) based 
on liquid wedges is determined as a function of their design. Thus, an 
OKZhS with open surface and also using nonmiscible Liquids can wperate 
successfully only in the absence of vibrations, which wil] cause 
deformation of the surfaces and thus worsen the quality of the image. 

It is for these reasons that liquid optical wedge systems have found 
their application in surveyor’s instruments and specifically in levels. 
Liquid optical wedge systems using nonmiscible liquids and the line of 
the interface along a spherical surface are applicable in systems having 
entrance pupils of not more than 2-3 mm. 


These systems, based on closed tubes with moving input windows, are free 
of essentially all the disadvantages of the previous liquid optical 
wedge systems, but they are inferior in simplicity of the design of 
optical wedge systems and namely: the diameter of the view port is 
increased considerably compared to the entrance pupil of the objective; 
dynamic achromatization of the system can be provided. 


The use of stabilization devices that contain optical wedges, which 
rotate about the optical axis, also do not cause an increase of their 
diameter. But their disadvantage is the need to arrange a rather 
complex functional device that provide a nonlinear relationship between 
the rotation of the camera and rotation of the optical wedges. The 
wedges should not only be rotated, but should also be turned jointly 
about the optical axis of the camera. 


Reflecting elements are preferable for use in stabilization systems, 
since these elements are essentially inertialless during the 
corresponding processing and providing the quality of manufacture. They 
can be mounted in both parallel and converging beams and can be used in 
practically all optical devices. 


The corresponding designs of optical reflecting compensators (OZK) 
permit stabilization at larger vibration amplitudes. The disadvantages 
of these compensators should include an increase of their overall 
dimensions, since OZK operate on reflection and comprise a significatn 
angle with the optical axis of the system. 
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Fiber optic compensators (VOK) may find application in systems with 
large entrance pupils, at small dimensions of the image detectors, i.e., 
when the ratios of the detector and entrance pupil are approximately 
1:10-1:1,000, which occurs when using CCD arrays. 


Fiber optic compensators have yet another important advantage, and 
namely: the possibility of providing variable motion of the image along 
the entire image field simultaneously, which is necessary with different 
orientations of the camera. Moreover, the necessary law of variation of 
motion can be calculated and realized by the corresponding design of the 
VOK. However, it should be noted that stabilization can not be 
guaranteed by using VOK at large vibration amplitudes of the camera 
(greater than +10°), while rates of not more than 50-100 mm/s are 
permissible for VOK operating in the image motion compensation mode due 
to random rotations of the system. 


The use of the components themselves of the optical system, having 
optical intensity in image field stabilization devices, is very 
feasible, since the same optical elements perform various types of 
functions. The above examples indicate that these systems may not. 
operate at large angular displacements and they should be recommended as 
additional circuit elements that perform fine stabilization of the 
image. 


Thus, the following problems always arise before the developer of an 
optical device, mounted on a moving base. 


1. Is it necessary or not to introduce an image field stabilization 
system into the device? 


2. If "yes," then which type of stabilizer is used in development of 
one or another optical device? 


Selection of one or another engineering solution, when the same problem 
can be solved by essentially all types of operating systems, is 
determined largely by the experience and skills of the developer, by the 
tooling of the enterprise that produces this type of instrument and so 
on. 


However, one can formulate several principles by which one should be 
guided in selection of an operating system: 1) it is desirable to 
stabilize the image field by displacing the elements of the device 
itself, i.e., without introducing additional elements; 2) elements with 
the least mass should be selected from all the possible optical elements 
that permit image stabilization; and 3) preference should be given to 
reflecting elements if it is necessary to introduce an additional 
optical element into the system. 
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Chapter 4. Information Systems for Checking Image Misalignment 


4.1. Information Systems for Checking Spatial Displacements of Moving 
Bases in Problems of Indirect Control of Image Misalignment 


Open and closed image stabilization systems were considered in Chapter 
2. The presence of an information system for checking the current 
parameters of spatial displacements of the base was suggested in the 
first systems. This information can be obtained only if a reference 
coordinate system, developed by one or another method, is on a moving 
base. This method ordinarily consists in the use of gyroscopic devices, 
combined into an information system. If there is the possibility of 
constant or periodic tie-in to some objects, the relative position of 
which is known beforehand (astronavigation objects, radio beacons, 
navigation satellites and others), this reference coordinate system can 
be corrected. Information about the position of the base with respect 
to the earth can be used to create a reference coordinate system. This 
information is taken from sensors of the earth’s physical fields 
(pendulums, magnetic compasses, infrared vertical gyros and so on) and 
is processed in a computer module or is used to correct onboard 
gyroscopes. <A three-axis gyro-stabilized platform, which maintains a 
fixed position in inertial space, can be used as the physical reference 
coordinate system. Information about the spatial angular displacements 
of the base is fed to the coordinate converter from sensors of the 
relative angular position of the axes of the platform and is used as an 
assignment in the control system of the image stabilization device. 
Besides sensors of the current value of the angular parameters of motion 
of the base, linear velocity sensors with respect to displacement of the 
base and of the surveying object (observations) and also sensors of the 
distance to this object are used in image stabilization problems. The 
linear velocity of the base can be determined by using an inertial 
navigation system or optical, radio engineering and any other devices. 
The distance to the object of observation is measured by using 
rangefinders, altimeters and other similar instruments. These devices 
are described in detail in the technical literature, for example, in 
[39, 49]; therefore, they are not considered in this book. 


A physical reference coordinate system can sometimes be replaced by a 
mathematical model of it, which is constructed on a computer according 
to the indicators of the sensors of angular spatial displacements of the 
base. An example of such a device is a gimballess system (BINS) [31]. 
Practically any gyroscope having sufficient accuracy can be used as the 
sensors of this system. The disadvantage of the BINS is the need to use 
to use sensors with wide range of measured parameters, which is not 
always compatible with high measurement accuracy. At the same time, 
sensors which are essentially null indicators of deviation of the 
platform from the position fixed in inertial space, can be mounted on a 
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gyro-stabilized platform. It is obvious that these sensors can have 
characteristics with large curvature and high stability. The accuracy 
of the entire device is dependent on the accuracy of fulfillment of the 
gimbal suspension mechanism of the platform and on the operating 
accuracy of the platform drive control systems. 


The problem of image stabilization is sometimes solved through 
synchronous operation of several local drives. The master signals can 
also be taken from gyroscopes, attached to the base or shifted with 
respect to the base together with the structural elements of the image 
stabilization device, in the feedback circuit of the contro] systems of 
these local drives. In the latter case, this local drive, with a 
gyroscope in the feedback circuit, forms a one-axis gyro stabilizer 
whose operation will be considered in detail below. 


Methods of monitoring spatial displacements of moving bases in image 
shift control problems. Gyroscopic sensitive elements (ChE) are used to 
determine the parameters of spatial angular displacement of the base. 
Gyroscopes with two or three degrees of freedom having different methods 
of suspension of the rotor are used as the sensitive elements in image 
stabilization systems. 


Gyroscopes on new physical principles, for example, vibratory and laser 
gyroscopes, having recently been developed intensively and introduced. 


Gyroscopes with two degrees of freedom are used more frequently than 
others to solve stabilization and orientation problems with regard to 
their simplicity and reliability. The accuracy of gyroscopes with two 
degrees of freedom is improved by reducing the frictional moments in the 
supports of the suspension by different methods [42, 64]. Thus, 
purified gas is delivered to the narrow space between the cylindrical 
float and the inner surface of the float chamber of the instrument in 
floated gyroscopes with gas dynamic suspension. This suspension 
provides smal] frictional moments and insignificant drift rates (several 
angular seconds per second). The disadvantages of these instruments are 
the need for compressed air reserves or for an onboard compressor and 
high requirements on the precision of manufacture of parts of the 
device. 


The most widely distributed type of gyroscope is the integrating floated 
gyroscope (PIG) [42]. The space between the cylindrical float and the 
body of this instrument is filled with liquid having high specific 
weight and large coefficient of viscosity. The weight of the float and 
the lifting force of the liquid are selected so that the supports of the 
suspension are completely relieved and so that they perform the roll of 
axial and radial displacement limiters of the float when loads act on 
the FIG. The drift of the PIG does not exceed fractions of angular 
seconds per second. An angle-data transmitter and torque sensor are 
mounted on the precession axis of the float. The simplified equation 
motion of the PIG can be represented in the form 
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Ha —_ bp = 0), 


where @ is the angle of rotation of the PIG about the axis of 
sensitivity, J is the angle of rotation of the float about the 
precession axis, b is the coefficient of the viscous friction moment 
about the precession axis, and H is the moment of momentum of the 
gyroscope. 


Integrating this expression, we find 
B=: Hya/b + fro, 


where Jo is the initial angle of rotation of the float. 


Thus, the rotational angle § of the float about the precession axis, 
fixed by the angle-data transmitter, is directly proportional to the 
angle of rotation of the PIG about the axis of sensitivity. With more 
detailed consideration, the transfer function of the PIG by control 
action can be expressed in the form 


7 (yn) — LLP) ky 
MO =a oy ~ Fp eT 


where ke = H/o is the transfer factor of the PIG and T, is a time 
constant. 


For most serial instruments k. = 0.1-1 and T. = 0.001-0.01 s, 


In the case of developing a restoring moment along the precession axis 
of a two-degree gyroscope in some manner, its deflection angle along 
this axis is proportional to the rotational velocity along the 
precession axis. This instrument is called a gyrotachometer and has a 
transfer function of type 


7 (py — Boe) KroP 





where Key H,./c is the transfer coefficient of the gyrotachometer, and 
c is the coefficient of the angular stiffness of the spring and Thr is 
the time constant of the gyrotachometer (The = 0.01-0.1 s).. 
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The restoring moment can be found in the simplest case by using springs, 
but a more promising direction from the viewpoint of improving the 
accuracy is development of feedback from the angle-data transmitter to 
the torque sensor (a so-called electric spring). 


The range of velocities to be measured by the gyrotachometer is 
dependent on the angular stiffness of the springs and comprises 0.01- 
1.0 s“!, 


Laser gyroscopes. One of the promising sensitive elements in image 
stabilization systems is the laser gyroscope (LG) [18]. This is 
explained by the uniqueness of its characteristics. The most important 
of the following: wide range of velocities to be measured (5:10~-*-100) 
1/s, short readiness time to operation after switch-on (approximately 
0.05 s), a practically unlimited number of starts, high reliabiiity, 
stability to mechanical effects, insensitivity to linear accelerations, 
convenience in processing the frequency form of measurement results and 
in joining angular displacements to pulse sensors, and low power 
consumption. 


The basis of the laser gyroscope is a ring laser, in which two waves are 
propagated in opposite directions. The difference frequency Af of the 
opposite waves is dependent on the angular rotational velocity of the 
laser gyroscope in inertial space about the axis of sensitivity, 
perpendicular to the plane of the cavity. 


The input characteristic of the laser gyroscope can be approximated by 
the expression [18] 





Af - VV (kay + AY = fi. 


where K pr is the transfer factor of the laser gyroscope, fo is 


displacement of the center of the characteristic caused by the features 
of the laser gyroscope, and f; is the boundary frequency of the 
synchronization range of the counter waves. 


According to the above expression, the characteristic of the laser 
gyroscope has a range of insensitivity and sections with considerable 
nonlinearity at small input signals. Beginning with angular velocities 
on the order of 0.3-0.4 s~!, the input characteristic of the laser 
gyroscope is essentially linear, i.e., Af % k pil. 


The transfer factor of laser gyroscopes of acceptable overall] dimensions 
is very high and comprises kyr = (2-105-2-10%) Hz-s. The input 


characteristic of the laser gyroscope is linearized by introducing the 
initial displacement of the working point by one or another method. 
Rotational or oscillatory motion about the axis of sensitivity is given 
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to the laser gyroscope for this purpose or elements having phase 
independence are placed in the optical circuit of the laser gyroscope. 
Measures should be adopted at the same time to eliminate that part of 
the output signa] of the laser gyroscope which corresponds to the 
initia] displacement or is related to introduction of this displacement. 
It should be noted that functional displacements of the optical element 
can be used in image stabilization systems for the initial shift of the 
laser gyroscope. 


No fewer than three laser gyroscopes with mutually perpendicular axes of 
sensitivity must be installed to obtain complete information about the 
parameters of the motion of the base. Specific difficulties arise in 
introduction and subsequent elimination of the initial bias of the laser 
gyroscope. One of the methods [17] of solving this problem is to 
arrange these gyroscopes so that their axes of sensitivity comprise an 
orthogonal trihedron. Simultaneous rotation or oscillating motion about 
an axis not coinciding with any axis of sensitivity is imparted to all 
three gyroscopes (Figure 4.1). The array of laser gyroscopes 1 and the 
rotor of the relative angular position sensor (IU) 4 are set into 
rotation by drive 3. The signals from the outputs of the laser 
gyroscope and the relative angular position sensor are processed in 
computer module 2 and can also be used to control drive 3. 























Figure 4.1. Diagram of Laser Gyroscope Array: 
1--laser gyroscope array; 2--computer module; 
3--drive; 4--relative angular position sensor 


A coordinate system, bound to the base Ox;y;z;, and coordinate system 
Oxyz, formed by the axes of sensitivity of the laser gyroscope, are 
presented in Figure 4.2. These systems are rotated with respect to each 
other by angles », # and €. 


It follows from Figure 4.2 that the angular velocity vector » of the 
gyroscope array about axis Oy; is projected onto the axes of all the 
laser gyroscopes and can be used to create simultaneous initial bias of 
them. 
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There is the following correlation between the vector of the angular 
velocity of the base My and that of the gyroscope a: 


92. = A, Ay (A, 2, t p); 


Where A,, Ay, A, are the matrices of the direction cosines, 


corresponding to rotations by angles ¢, ¥ and », respectively. 


The following conditions must be fulfilled to achieve equal 
misalignments of all the laser gyroscopes: 


sin = 1/93; sine = cose = 1/3. 
One can find from expression (4.1): 





l 
Qa. = ral Asing + "”; Beosy: 
Qi cs C/y 3 - ,; 
l l 
Q., = _— A COS P — —= ; ’ 
7 73 OS P ; Bos 4 


where A=Q,—Q,; B= 20, —Q,—-@, C= Q, 42, +9: QQ, Q, re 
the projections of the angular velocities onto the axes of sensitivity 
of the laser gyroscope and ().,, &,,. &: are the projections of the 
angular velocities onto the axes, bound to the base. 

The relative velocity or relative angle of rotation of the gyro unit 
must be introduced from the measurement results to eliminate the signal, 


corresponding to the initial misalignment. A measuring algorithm with 
averaging at angular intervals can be realized in the latter case. 


The mean value of the angular velocity during rotation tj by angle ;; is 


determined by the expression 


Q,, = = \ \ Q dt dg, 
t ¢ 


where j = x, y, Zz and i is the number of the measurement cycle. 
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Figure 4.2. Coordinate Systems of Base and of 
Axes of Sensitivity of Laser Gyroscopes 


Harmonic oscillating motions of the gyro unit about axis Oy; according 
to the law y = a sin wt, where a is amplitude and w# is the circular 
vibration frequency, can be used instead of rotational motion. 


The readings are taken from this gyro unit by integration of the beat 
frequency of the laser gyroscope during one or a number of vibration 
periods. The relative angular misalignment sensor of the gyro unit is 
not required and the design of the computer module is simplified 
somewhat . 


4.2. Methods of Direct Check of Image Misalignment 


Survey of methods of check image misalignment. Photoelectronic image 
misalignment check systems (SKSI) permit one to determine directly the 
extent, rate and direction of misalignment of the image. Direct check 
information systems are in most cases considerably simpler indirect 
check devices and are also distinguished by low inertia and rather high 
accuracy. But certain deficiencies are also inherent to them as to any 
other information systems. The most important of these deficiencies is 
the possibility of operating failures in cases when the optical image of 
the surface to be monitored has no sections of different illumination 
(for example, there are no parts in images of the sea surface, of an 
even section of desert, of a cloud layer that conceals the earth’s 
surface and so on). 


The direct check system must be complicated with regard to this 
deficiency, by introducing memories and other components into the data 
processing channel, which guarantee operation of the automatic image 
stabilization system (ASSI) over the time interval when no data are 
issued from the SKSI sensor. 
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Optical image misalignment check systems (SKSI) are understood as 
optoelectronic information measuring systems that yield information in 
‘analog or digital form about the rate or absolute value of misalignment 
and also about the direction of misalignment of the optical image, 
created by the objective of the optical device, for example, by the 
objective of the AFA. All optoelectronic SKST are based on analysis (by 
one or another physical method) of the law of distribution of the 
illumination of the image of the object, created by the optical system, 
and by the nature of its variation over time. Before turning to 
consideration of devices and the operation of various direct check SKSI, 
one must become familiar briefly with the classification of these 
information measuring devices. The features by which SKSI are 
Classified can be the most diverse. Devices are distinguished by such a 
physical feature as the radiation spectrum for operation in the 
ultraviolet, in the visible and in the infrared regions of the spectrum. 











Le 


Figure 4.3. Varieties of SKSI: 
a--active; b--passive; 1--object; 
2--detector; 3--radiation source 


Like other optoelectronic measuring devices, SKSI can be divided into 
active, semi-passive and passive. The object 1, an image of which is 
studied by system 2, is irradiated in active SKSI (Figure 4.3, a) by an 
electromagnetic radiation source 3, the characteristics of which can be 
controlled. In passive SKSI (Figure 4.3, b), the object 1, an image of 
which is also studied by system 2, has natural radiation or the 
radiation 3 of a natural light source (sun or moon) is used. Most 
modern SKSI are passive, while the use of active SKSI is limited by the 
power of the radiation sources and by a number of other factors. 
Passive SKSI can in turn be divided into a number of types, for example, 
into SKSI in which scanning and modulation of the light beam are used, 
into mosaic-type SKSI and so on. Only one detector is used in most SKSI 
of the first type. Different raster structures (fixed and movable 
raster arrays, switched strip photoelements and other devices) are used 
in these systems to modulate the luminous flux. A large number of 
detectors is used in mosaic-type SKSI. Scanners are used in some SKSI. 
The image can be scanned by displacement of the image with respect to a 
fixed analyzing diaphragm or by displacement of the diaphragm with 
respect to the image. Active and passive SKSI can be divided by 
operating principle into five types: time-pulse, frequency, phase, 
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amplitude and correlation (Figure 4.4). Time-pulse SKSI [32, 34, 65] 
are based on measurement of the pulse length of the signal at the output 
of the photoelectronic device or on determination of the distance 
between them if there is an error of position between the sighting line 
to the object and the optical axis of the SKSI. 


Variations of the output signal frequency upon variation of the rate of 
misalignment of the image to be checked are used in frequency SKSI [32, 
34, 85]. (Footnote) (USSR inventor’s certificate 415,492, U.S. patent 
3,511,150, British patent 1,391,779, British patent, 1,442,801) 
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Figure 4.4. Classification of SKSI by Operating Principle 


KEY: 
1. Image misalignment check 4. Amplitude 
systems 5. Correlation 
2. Time-pulse 6. Frequency 
3. Phase 


Phase SKSI [32, 34, 47, 50, 57, 82] are based on determining the extent 
of the phase shift between the signal from the image to be checked and 
the reference signal, introduced for the origin of reading. 


The misalignments of the optical image with respect to the optical axis 
of the device are determined in amplitude SKSI [32, 33, 34, 42, 46, 52, 
82, 83] by the signal amplitude at the output of the detector. 


Correlation SKSI [8, 30, 32, 33, 34, 37] are designed on the basis of 
determining the time shift between signals, taken from the 
photodetectors, which are arranged along the direction of misalignment 
of the image, or on analysis of the shape of the autocorrelation 
function of the output signal of the photodetector, with respect to 
which the image is displaced. Correlation and frequency SKSI find 
application in practice; therefore, let us consider their operating and 
working principles. 
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Figure 4.5. Static Characteristics of SKSI: 
a--nonreversible; b—--reversible 


Requirements on SKSI as an ASSI component. The image motion check 
system is designed mainly for operation in an automatic image 
stabilization system. Its parameters with respect to this principle 
should satisfy the requirements determined by the stabilization system. 


The image motion check system as an ASSI component are characterized by 
the main parameters presented below. 


1. Output or in other words static characteristic. This is the 
dependence of the output value u on the motion v of the image, i.e., u = 
= f(v). 


The working principle of a SKSI and its operating conditions determine 
the type of characteristic u = f(v). It can be nonreversible (Figure 
4.5, a) and reversible (Figure 4.5, b) in this regard. The output 
characteristic should be linear, since the linearity of the 
characteristic may result in the need to consider the ASSI as a 
nonlinear system, and this makes calculation and adjustment of it 
difficult. The output parameter u can be analog (direct or alternating 
voltage or current), digital (pulse sequence), code (binary or other 
code) and so on as a function of the working principle of the SKSI and 
ASST. 


2. Static conversion factor. This coefficient is determined for the 
SKSI as the ratio of the output value u to the input parameter v when 
the SKSI is operating in the static mode Kae = u/v. 


The value of k CT is determined by the parameters of the SKSI components 
and is selected with respect to a specific ASSI. 
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3. Dynamic conversion factor or sensitivity of SKSI. This coefficient 


is generally determined in the following manner: I HH = du/dv. It is 


used to determine the dynamic properties of the system and of its 
sensitivity mainly with small variations of the input parameter. 


4. The transfer function W(p) determines the dynamics of variation of 
the input and output signals of the SKSI, and can be represented for 


some SKSI by an aperiodic link W (p) = k,.,/(T.,0+ 1), where Tor is the 
time constant of the SKSI. 


The time constant Ty is established according to the cutoff frequency of 


the entire ASSI, which is in turn determined from the required dynamics 
of image motion. The cutoff frequency “o should obviously be higher 


than the maximum frequency of the range of image motion, while the time 
constant Tox should be considerably less than the time constant T, of 


the entire ASSI, determined from Wo" 


5. The threshold of sensitivity of the SKSI is the last input value, 
corresponding to the minimal velocity vmi, (Figure 4.5, b), to which the 
system responds. The necessary threshold of sensitivity is determined 
by the parameters of the ASSI. For example, the threshold of 
sensitivity for a SKSI operating in the image stabilization system of an 
AFA should be less than the motion of the image, which results in a 
permissible shift of the image. 


6. The range of measurement of the SKSI is the maximum input value 
(maximum velocity Vmax), to which the system responds without 
distortions. The necessary range of measurement is determined by the 
parameters of a specific ASSI. 


4.3. Operating Principle and Classification of Correlation SKSI 

Main varieties of correlation SKSI. It was noted above that all 
correlation SKSI can be divided by operating principle into two large 
groups: cross-correlation and autocorrelation. Cross-correlation SKSI 


can be divided by working principle into continuous and sampling. 


Autocorrelation SKSI are in turn divided into SKSI with fixed delay time 
and into spectral analyzing SKSI. 


The classification layout of correlation SKSi is presented in Figure 
4.6. 
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Figure 4.6. Classification of Correlation SKST: 


1. Correlation SKSI 5. Sampling 

2. Cross-correlation 6. Fixed delay 

3. Autocorrelation 7 Regulated delay 

4. Continuous 8. Spectral analyzing 


Operating principle of correlation SKSI. Let us briefly consider the 
working and operating principles of the main types of correlation SKSI. 
A simplified layout of a continuous cross-correlation SKSI is shown in 
Figure 4.7, a. 


The objective 1 of the optical system creates an image 2, located in 
plane xy, which is the image plane. Photoelements 3 and 4 are arranged 
one after the other in the image plane on axis x at distance Ly. 


Photoelement 4 is connected to the regulated delay module 5, while 
photoelement 3 is connected to one of the inputs of the multiplication 
module 6. The multiplication module is in turn connected to integrator 
7, while the output of the integrator is fed to the input of the extreme 
regulator 8, controlled by the delay time of module 5. 


When the image moves at velocity v in the direction shown by the arrow 
in Figure 4.7, a, variable electric signals u;(t) and u(t) occur at the 
outputs of the photoelements, and signal u(t) will be the same as 
u;(t), but shifted by the transport delay time r= L;/v. Thus, uo(t) = 


= u,(t - T.)- 


The signal u;(t) is fed to the input of module 5, in which it is delayed 
by time +. Modules 6 and 7 calculate the cross-correlation function 
R(r) of signal ug(t) and of signal u;(t), delayed by time 7 


Tr. - 
R(t) = +~ | uy (t— Tt) tg (dl = -75/ y(t — tay (ft -- ty), 
0 
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where Ty is the integration time. 























Figure 4.7. Continuous Cross-Correlation SKSI: 
a--layout of device; b--type of correlation function; 
1--objective; 2--image; 3, 4--photoelements; 
5--regulated delay module; 6--multiplication module; 
7--integrator; 8--extreme regulator 


The extreme regulator 8 controls the delay time 7 so that the maximum 
function R(7), which occurs at 7 = T. (Figure 4.7, b), is always delayed 


at the output of integrator 5. The motion of the image can then be 
determined by the formula v = L s/t. 


The considered cross-correlation SKSI permits one to determine the speed 
upon motion of the image in only one direction. Analog SKSI are known, 
which can be used to vary the speed upon motion of the image both in the 
forward and opposite direction. (Footnote) (USSR inventor’s certificate 
822,037, USSR inventor’s certificate 888,043) The operation of these 
SKSI is based either on use of the constant delay module of the signal 
from one of the photodetectors (Footnote) (USSR inventor’s certificate 
888,043), or is based on analysis of signals from photodetectors in two 
correlators, one of which operates upon motion of the image in one 
direction and the other of which operates during motion of the image in 
the other direction. (Footnote) (USSR inventor’s certificate 822,037) 


Continuous cross-correlation SKSI can in turn be divided into search and 
differential. The maximum cross-correlation function is found in search 
devices by using an extreme regulator through search oscillations in the 
region of the maximum cross-correlation function R(T). The maximum 
cross-correlation R(t) is determined in differential devices by taking 
the derivative #R(r)/dr and by determining the point when this 
derivative becomes equal to zero. 


Sampling cross-correlation SKSI are based on establishing the 
correlation between the signals which characterize the images to be 
checked, when these signals are found at different moments of time. 
These SKSI can be scanning (Footnote) (USSR inverntor’s certificate 
824,055), with correction on the photoelement [33], and with sequential 
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photography of sections of the surface and with subsequent comparison of 


these photographs [94] on CCD structures (Footnote) (USSR inventor’s 
certificate 718,786) [88] and television [8] by the signal processing 
method. 
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Figure 4.8. Autocorrelation SKSI: 
a--fixed delay; b--regulated delay; c--spectral analyzing; 
d, e, f--form of autocorrelation functions; 1--objective; 
2--image; 3--photoelement; 4--constant delay module; 5-- 
multiplication module; 6--integrator; 7--regulated delay 
module; 8--regulator; 9--frequency spectrum analyzer 


The characteristic feature of cross-correlation SKSI is their 
comparatively small error, which can reach values on the order of 0.1 
percent. 


Let us also consider the working and operating principles of the main 
types of autocorrelation SKSI. Simplified layouts of autocorrelation 
SKSI are presented in Figure 4.8. The objective 1 in each of these 
systems creates an image 2, located in plane xy, which is the image 


plane. Photoelement 3 is also located in plane xy, and a small section 


of the image 2 is observed by using it. The illumination of the 


photoelement varies upon motion of the image at speed v in the direction 


of axis x, and a variable electric signal u(t) is shaped at its output. 
The type of autocorrelation function R(r) of signal u(t) varies upon 


variation of the speed v of the image, and this permits one to determine 


the speed v by the parameters of the autocorrelation function 
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Tn 
R(t) = = | u(()u(t — vd, 
0 


where 7 is the delay time of the signal u(t). 


The «ignal u(t) from the output of photoelement 3 is delivered to the 
constant. delay module 4 and to multiplication module 5 in the layout of 
a fixed delay SKSI (Figure 4.8, a). The signal u(t) is delayed in 
module 4 for a fixed delay time To: The product u(t)u(t - r) is 


calcualted in module 5. The signal is fed from module 5 to integrator 
6, at the output of which the signal of autocorrelation function R( Ty) 


is shaped. The form of the autocorrelation functions of the signal u(t) 
for different speeds v of image motion is shown in Figure 4.8, d. Thus, 
the speed v can be determined from signal R( Tq) at known value of To" 


The signal u(t) is fed from the output of photoelement 3 to the 
regulated delay module 7 and to multiplication module 5 in the layout of 
a regulated delay SKSI (Figure 4.8, b). A constant value of the 
autocorrelation function R;(7r) is maintained at the output of the 
integrator 6 in this device. This is achieved through regulator 8, 
which controls the delay time 7 of signal u(t) in module 7. The speed v 
of image motion can be determined by the delay time (Figure 4.8, e). 


Signal u(t) is fed from the output of photoelement 3 to the analyzer 9 
of frequency spectrum w of the electric signal in a spectral analyzing 
SKSI (Figure 4.8, c). 


The form of spectra F(w#) of signal u(t) for different speeds v of image 
motion is shown in Figure 4.8, f. The speed v of image motion is judged 
in devices of this type by the maximum of spectrum F(¢) or by frequency 
w, corresponding to this maximum. 


Autocorrelation SKSI are considerably inferior in accuracy to 
cross-correlation SKSI. The error of autocorrelation devices can reach 
values on the order of 5 percent and it increases sharply as the speed 
of image motion decreases. A considerable disadvantage of 
autocorrelation SKSI is the lack of possibility of determining the 
direction of motion of the image. All correlation SKSI have a number of 
significant common deficiences that sharply limit their application. 

The main ones of them are considerable complexity, the presence of a 
time delay during measurement, and the effect of transverse misalignment 
of the image on the measurement result. 


144 








4.4. Operating Principle and Classification of Frequency SKSI 


Operating principle of frequency SKSI. The operating principle of this 
type of SKSI includes spatial filtration of the elements of the optical 
image using special optical filters (modulators) and in determination of 
the electric signal, the frequency of which is proportional to the 
motion speed of the image. 

















Figure 4.9. Working Principle of Receiving Part of SKSI: 

a--composition of receiving part; b--sample form of signal 

at output of photoelement; 1--spatial filter (modulator) ; 
2--optical image of object; 3--photoelement 


The main elements of this SKSI (Figure 4.9, a) are a modulator 1 and a 
photoelement 3, located behind the modulator. The optical system shapes 
an image 2 of the object in the image plane xy. The image 2 can be 
moved with respect to coordinates xy at some speed v;. Modulator 1 is 
(generally) an optical structure, consisting of parallel transparent and 
opaque sections, of equal width, located in plane xy. The modulator can 
be fixed or can be moved with respect to coordinates xy at speed vo. A 
luminous flux $,, which shapes image 2, is fed from the optical system. 
The luminous flux $), traveling through modulator 1, impinges on 
photoelement 3. Signal Up at the output of photoelement 3 carries 


information about the relative speed v of image motion 2 and of 
modulator 1. Let us briefly consider the physical principles that are 
the basis of operation of this SKSI. It is known that the brightness 
function B(q,) of the space of objects is reflected and diffuse- 


scattered emission of the surface of the object. Brightness functions 
B(q,) of the object corresponds to the field of illumination E(q,), 


joined with it, in the image space of the optical system. The function 
E(q,)+ random in nature, is frequently considered stationary [43, 69, 


90] to simplify the mathematical representation and it can then be 
represented in the form of function E(x, y). 


This stationary field of illumination or in other words the field of 
signals for the image plane can be described most fully by a correlation 
function of the following type [14, 48, 69]: 
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2 : r :. 1 . . 
Ky (Ax, Ay) in \ \ E(x, ybE(et Ax, yt Ay) dx du, 


where x, y, Ax, and Ay are the maximm values and increments of the 
coordinates of a square-wave frame, to the center of which the 
coordinate system is bound. 


The following integral Fourier transform is used to describe the 
statistical properties of the signal field E(q,) in the frequency range 


to the correlation function 


t +0 
Sp (x, Oy) = (\ Ke (Ax, Ay) el | 9 ) d(x) d (Ay). 


-—@m 


where w, = 2nv,; o, = 2nv,, and vy and vy are the spatial frequencies 
that determine the distribution of parameters in directions x and y. 


Function Sp (a, #.) is the spectral density of dispersion of the signal 


field in the image plane, created by the optical system. This function 
is also called the spectral power density of the signal or the Hinchin- 
Wiener spectrum. 


The relations and graphs of the Hinchin-Wiener spectra for different 
physical objects: the sky background, urban, rural, and forest 
landscapes and so on, have been presented in a number of papers [48, 84, 
91]. The modulator 1 in the layout presented in Figure 4.9, a is 
essentially a spatial filter for the radiation passing through it and 
impinging on photoelement 3. It is known that the SKSI is intended to 
check the parameters of motion of the image and, therefore, the signal 
field E(q,) can be represented at E(x, y, t). 


The spatial filter has the weight function W(x, y, t) and can be 
represented by a direct Fourier transform 


WP (jor, joy jon) = (\\ Won ws 0 et ety) ay dy dl, 
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where WW (jw,, j@,. jo) is the frequency characteristic of a 


multidimensional frequency or, in other words, a frequency transfer 
function. 


The luminous flux $2, passing through modulator 1, impinges on 
photoelement 3 and generates an electric signal Up: The following 


relation can be written with regard to the fact that the parameters of 
the system are dependent on time t: wu, (/) = ky (/). 


The luminous flux at the output of the photoelement can generally be 
represented by the expression 


+n 
(i) = \\ E(x, y, 1) W(x, y, t)dx dy. 


The luminous flux at the input of the photoelement and the corresponding 
signal at the output, after the corresponding transformations which are 
not presented here, can be represented in frequency form by the 
following expressions: 


(p (jo) 


4-2 _ . -j [% x (")-"2)] t dw des. dere: ( 4.2 ) 


Uy (J) = 
(4.3) 


+2 
I "CC R -j [To,-e Peis 
aay va \ \| E (jw , joy) W (jox, joy)e Toes (Ms "yy, den, ding. 





Expression ‘“ ”) indicates that the spectrum of the light signal at the 
output of sdulator and the spectrum of the electric signal at the 
output of ~notoelement are essentially determined by multiplication 
of the independent spectr.. of complex conjugate spatial-frequency 


spectrum of the image fF (jo,, jo,) and of the spatial--frequency spectrum 
of the modulator W (jo,, jw,) and are dependent on the relative motion 


speed of the image and modulator (v; - v2). Thus, one can judge the 
motion speed of the image by the frequency of the electric signal at the 
output of photoelement 3 (Figure 4.9, b), located behind modulator 1. 

An ordinarily raster optical element, having brightly marked flash of 
the spatial-frequency spectrum at frequency that creates optimal 
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conditions for modulation of the luminous; flux, is ordinarily used as a 


modulator. 
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Classification Frequency SKSI 


. With modulator on photoelectric nonswitchable matrix 


1. Frequency SKSI 

2. With spatially fixed modulator 

3. With optical modulator 

4. With stepped weight function of modulator 

5. With harmonic weight function of modulator 

6 

7. With fiber optic modulator and with nonswitchable 
photoelements 

8. With spatially fixed modulator 

9. With optomechanical modulator 

10. With modulator on photoelectric switched array 

11. 


photoelements 


Raster arrays of different configuration are used as fixed and moving 
(Footnote) (USSR inventor’s certificate 415,492, U.S. 
patent 3,511,150, British patent 1,391,779, British patent 1,442,801) 
Modulators can be conditionally divided into those with stepped weight 
function, the arrays of which are made with transparent or opaque zones 
of equal width [85], and into modulators with harmonic weight functions, 


modulators [85]. 


With modulator on optical fibers and with switched 
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the arrays of which have harmonic distribution of transparency [14] as a 
function of the nature of the ratio of transparent and opaque sections 
of modulators. 


Fixed and moving modulators are mostly made in the form of an optical 
element, independent. of the photodetector--of a transparent plate or 
disk with raster elements applied to the surface. Devices have appeared 
recently that combine the raster and photodetector in their design. 
These are usually a special photo array, containing a specific number of 
identical strip photoelement. (Footnote) (USSR inventor’s certificate 
1,037,178) A specific combination of fiber light guides [90] and other 
devices can also be used as the raster. 


4.5. Working and Operating Principles of Frequency SKSI 


System with spatially fixed optical modulator. The functional diagram 
of the simplest SKSI of this type is shown in Figure 1.11, a. The 
objective 1 creates an image 2 of the object in plane x\, which is the 
image plane in the given case. <A modulator 3, which is a raster array, 
consisting of transparent and opaque strips of identical width a, is 
also located in image plane xy. The transparent and opaque strips of 


the raster form the so-called spatial] period of the array I, = 2a. 


A fixed modulator with stepped weight function or, in other words, a 
fixed spatial filter is used in the given layout. A converging lens 4 
is located behind the modulator, while a photoelement 5, connected to 
the input of the filter 6, is located behind it. The filter 6 is 
connected to an amplification-shaping section 7 and it is in turn 
connected to measuring section 8, as which a frequency meter can be 
used. 


The image 2 of the object moves with respect to the array 3 at speed 
v= Vo6f  /H: where 06 is the motion speed of the object with respect to 


the objective and H is the distance from the objective to the object. 


Light is modulated by the structural elements of the image 2 when the 
image 2 moved with respect to the modulator array 3. The modulated 
light is collected by a lens 4 and is sent to photoelement 5. The 
modulation frequency is generally equal to v = 1/T, where T is the 
period of variation of the illumination on the photoelement, and T = 


= Lily: 
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Figure 4.11. System With Fixed Optical Modulator: 
a--SKSI with modulator having stepped weight function; 
b--shape of signals; c--modulator with harmonic weight 
function; 1l--objective; 2--image; 3--modulator;. 4-- 
converging lens; 5--photoelement; 6--filter; /-- 
amplification-forming link; 8--measuring link 
Thus, ¥=/,/T = /,v, i.e., the motion speed of the image is proportional 
to the spatial period or step 1, of the raster (of the spatial filter or 
modulator) and to the frequency v of variation of the signal Up at the 
output of photoelement 5. The shape of the signal Up generally is 


complicated, similar to that presented in Figure 4.11, b. The signal 
contains a constant or slowly variable component Ua of background noise 


and a variable component ue’ containing frequency ?’, proportional to 


the speed . of the image. Besides the fundamental frequency ’’, signal 
u's also contains other higher frequencies, which are noise in the given 


case. The constant component Ugo and the high frequencies are cut off 


by filter 6, and signal ug with frequency v is formed at its output. 
The amplification shaping section 7 converts signal us to signal u;, 
having the shape of a square wave of constant amplitude. Measuring 
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section 8 measures the frequency v or phase shift of the signal u;, 
proportional to the motion speed v of the image. 


A modulator with harmonic weight function of the array, i.e., with 
harmonic distribution of the transparency of the array along its length, 
is shown in Figure 4.11, c [14]. The use of this modulator permits one 
to obtain a signal Up with somewhat smaller noise spectrum at the output 


of photoelement 5. However, the complexity of manufacturing these 
modulators in the presence of filter 6 frequently makes their use 
unfeasible. 

















Figure 4.12. System With Fixed Optical Modulator 
and With Compensation of Background Noise: 
a--SKSI device; b--shape of signal; 1--objectives; 
2--image; 3--modulators; 4--converging lenses; 
5--photoelements; 6--differential amplifier; 
7--former; 8--measuring section 


Rather many SKSI and other devices, similar or close to that considered, 
are known [34, 35, 77, 81, 84, 85]. (Footnote) (USSR inventor’s 
certificate 415,492, British patent 1,442,801) A significant 
disadvantage of most of these devices is the effect of rather 
significant constant or slowly variable brightness background of the 
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object or, in other words of background noise on their operation. This 
effect can be eliminated by some complication of the above SKSI. An 
example of this device is shown in Figure 4.12, a. Two identical images 
2 of the object are projected to plane xy. This is achieved by using 
two identical objectives 1 or one objective with semitransparent mirror 
at the output. Two identical SKSI, similar to that shown in Figure 
4.11, a, are essentially used, but the arrays of the modulators 3 are 
shifted one with respect to the other by half their spatial period 1) 


i.e., by value a in the direction of axis x. Signals are fed from the 
outputs of photoelements 5 to the inputs of differential amplifier 6. 
When both images move at speed v, signals “bi and Ugo? containing a 


constant or slowly variable component Ug: of the background noise, and 
variable components U6 and U2" identical in shape, but shifted one 


with respect to the other by half their period T (Figure 4.12, b), occur 
at the output of the photoelements. The components Yao are mutually 


compensated, while components U6) and pe are added in the differential 


amplifier 6, yielding the resulting signal ug, whose frequency is 
proportional to the motion speed v of the image, at the output of 
amplifier 6. Signal ug is then transformed in former 7 (as in the case 
of the SKSI shown in Figure 4.11) and is fed to the input of measuring 
section 8. 


A variety of the previous SKSI, designed for determination of the angle 
of rotation ¢ of the vector of the motion speed v’ of the image upon 
relative angular misalignment of the axis x of the image plane of the 
device toward the direction of motion of the object, is shown in Figure 
4.13. Modulator 3 consists of two identical patterns, inclined at angle 
y ot axis y and placed in the image plane xy. If the direction of 
misalignment of the image 2 coincides with axis x, then # = 0 and 


f 


frequencies ’; and v» of signals "61 and Ugo? generated by photoelements 
5, will be equal to 

V,=V,- 0 COS yl. 
If » # 0, then 

Vion uv cos (y 4 y/l.: 

Vy ou cos (y —- pI. 
It is not obligatory that v; = v’. Signals ug and u’¢ carry frequencies 
v; and v» from the outputs of amplifier-forming modules 6 and are fed to 
the inputs of the frequency comparison module 7. This module performs 


the operation of frequency comparison and signal u; from its output is 
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fed to the input of measuring section 8, where the following rotational 
angle is determined 


Vi — V2 
+ Vabig y" 





y= arctg 7 





Figure 4.13. SKSI With Fixed Optical Modulator: 
1--objective; 2--image; 3--modulators; 4--converging 
lenses; 5--photoelements; 6--amplification-forming 
modules; 7--frequency comparison module; 8--measuring 
section 


System with spatially fixed modulator on photoelectric unswitched array. 
The main disadvantages of the SKSI with optical modulators are their 
large overall dimensions and mass and also the inability to determine 
the direction of misalignment of the image. The use of modern 
photoelectronics and microelectronic technology permit one to develop 
SKSI with small dimensions and mass. Combining the modulator and 
photoelement in one assembly--a photoelectric array, which is a 
combination of a large number of identical narrow and parallel] 
photoelements on a single flat substrate--yields especially effective 
results. A simplified functional diagram of a SKSI, based on the use of 
this photoarray, is presented in Figure 4.14, a. The objective 1 forms 
the image 2 in plane xy. Photoelectric array 3, which is a special 
photoelement that consists of a large number of N identical strip 
elements, is located in this same plane; each element has width 3 and 
length B. The length ofthe photoarray is A = Nd. These strip 
photoelements are generally combined in four groups as is shown in 
Figure 4.14, a. Leads a, », c, and d of the groups of strip 
photoelements are joined to the inputs of four identical adders 4-7. 
The outputs of the adders are connected to the inputs of differential 
amplifiers 8 and 9. The outputs of amplifiers 8 and 9 are connected to 
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Figure 4.14. SKSI With Spatially Fixed Modulator on 
Unswitched Photoelectric Array: a--SKSI device; b-- 
connection of photoarray components; 1l--objective; 
2--image; 3--photoarray; 4-7--address; 8, 9--differential 
amplifiers; 10--phase discriminator; 1l--measurement 
module 
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the two inputs of measuring module 11, and the output of amplifier 8 is 
connected directly to the first input of module 11, while a signal is 
fed to its second input from amplifiers 8 and 9 through phase 
discriminator 10. Joining photoarray 3 to adders 4-7, shown in Figure 
4.14, a, is equivalent to simultaneous use of four identical fixed 
optical pattern arrays, having spatial period 1, and specifically 


misaligned one with respect to the other in the direction of axis x. 
The form of the equivalent arrays and their mutual shift are shown in 
Figure 4.14, b. Leads a and b of photoarray 3 are connected to adder 4 
and leads c and d are connected to adder 5. Two identical pattern 
arrays, shifted one with respect to the other by half their spatial 
period ly are created from the elements of the photoarray. These 


equivalent arrays are shown by the cross-hatched sections of the array 
in the first two diagrams (Figure 4.14, b). Leads b and « of photoarray 
3 are connected to adder 6, while leads d and a are connected to adder 
7. Two additional arrays, shifted one with respect to the other by half 
the period 1 and with respect to the first pair of arrays by one-fourth 


the period 1 are formed from the elements of the photoarray. These 


equivalent arrays are shown by the last two diagrams in Figure 4.14, b. 


The SKSI operates in the following manner. When the image 2 moves at 
speed v along axis x, the elements of the image are modulated by the 
connected elements of the equivalent pattern arrays of photoarray 3 and 


Signals Wy, “ys. Yow “pr occur at outputs a, b, c and d. These signals 


are added by adders 4-7 and signals u:-u;, which contain the constant 
component of the background noise and the variable component with 
frequency proportional to speed \., occur at the outputs of the adders. 
The same as in the case of the SKSI presented in Figure 4.12, the 
constant components are mutually compensated in differential amplifiers 
8 and 9, while the variable components are added, yielding signals u, 
and uo at the outputs of the amplifiers. The phase discriminator 10 
permits one to determine the mutual variation of the phase of signals ux 
and uy upon variation of the direction of motion of the image, making 
the SKSI sensitive to the direction of motion of the image. Signals ux 
and u;s are fed to the inputs of measuring module 11, the value of the 
output signal u;; of which is proportional to speed v, while the sign is 
proportional to the direction of misalignment of the image. 


A pattern of the same design having constant step, or in other words 


spatial period 1h is used as the modulator in the above SKSI. This 


pattern is a narrow-tuned spatial filter. The optimal modulation 
conditions of the image elements by this pattern occurs when half the 
step of the array is equal to or close to the mean dimensions of the 
most frequently encountered parts of the image. The modulation 
conditions deteriorate considerably and the useful signal at the output 
of the photoelement decreases sharply or disappears altogether if there 
are no image parts with these dimensions. The strip photoelement arrays 
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permit one to develop a SKSI free of this deficiency. Let us consider 
the working and operating principles of one of these SKSI. A simplified 
diagram of the SKSI is presented in Figure 4.15. Objective 1 forms an 
image 2 in the image plane, coinciding with the axes of coordinates xy. 
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Figure 4.15. SKSI With Spatially Fixed Multifrequency 
Modulator on Unswitched Photoelectric Array: 
1--objective; 2--image; 3--photoarray; 4, 5, 6-- 
differential amplifiers; 7, 8--frequency dividers; 
9, 10, 11--frequency-to-voltage conversion modules; 
12--maximum voltage separation module 


Photoelectric array 3, which is a special photoelement which consists of 
a large number of N identical strip photoelements, is located in the 
same plane. The outputs of these photoelements are connected to the 
direct and inverse inputs of differential amplifiers 4, 5 and 6. The 
number of My differential amplifiers should generally be my < loge N, 


but my = 3 for simplification of the diagram in Figure 4.15. The 


outputs of differential amplifiers 4, 5, and 6 are directly connected to 
the frequency-to-voltage conversion modules 9, 10, and 11 (amplifier 4) 
or through frequency dividers 7 and 8 (amplifiers 5 and 6). Thus, the 


number of My frequency dividers is equal to my = my - 1. The outputs of 


modules 9, 10, and 11 are connected to the maximm voltage determination 
module 12. Moreover, the SKSI operates in the following manner. The 
signal determined by the background noise of this photoelement wil] 
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occur at the output of each strip photoelement upon motion of image 2 
along photoarray 3. The outputs of the strip photoelements are 
connected to the inputs of differential amplifiers 4, 5, and 6. 
Moreover, photoelements with odd ordinal number are connected to the 
direct inputs of amplifier 6, while photoelements with even ordinal 
number are connected to the inverse inputs of this amplifier. If the 
total signal through the direct inputs of this differential amplifier is 
considered upon motion of the image along axis x, the signal will 
contain a smoothly variable component, determined by the background 
noise, and a variable component of frequency ;, determined by 
modulation of image elements 2 of the equivalent pattern array, which is 
organized by connection of photoelements with odd ordinal numbers to 
direct inputs of amplifier 6. The spacing 7 of the equivalent pattern 
array is determined as 1, = dd. 


D1 


The frequency of the variable component of the signal is then found by 
the formula y, = o//,, = v /(2d). 


The total signal along the inverse inputs of this differential amplifier 
will also contain a smoothly variable component, determined by the 
background noise, which is identical to the same signal component along 
the direct inputs, and a variable frequency component 1;, caused by 
modulation of the image elements by elements of the equivalent pattern 
array, which is arranged by connecting the photoelements with even 
ordinal number to the inverse inputs of amplifier 6. The variable 
components of the total signals along the direct and inverse input of 
differential amplifier 6 will be shifted by half the period with respect 
to each other, since the equivalent pattern arrays are shifted by half 
the spatial period sth The constant component is destroyed and the 


amplitude of the variable signal component is doubled in the 
differential amplifier. 


Let us now consider differential amplifier 5. Photoelements with 
ordinal] numbers 1, 2, 5, 6, 9, 10 and so on are connected to its direct 
inputs, while photoelements with ordinal numbers 3, 4, 7, 8, 11, 12 and 
so on are connected to the inverse inputs. The spacing of the 


equivalent raster arrays for amplifier 5 will be equal to ly, = 4d = 21). 


The image elements will also be modulated by elements of the equivalent 
pattern arrays, created by the above connection of photoelements to the 
inputs of amplifier 5, upon motion of the image 2 along photo array 3. 
The constant signal component will also be compensated and the 
amplitudes of the variable component will be added, and the frequency 
signal us will exist at the output of this amplifier 


157 








Let us consider the action of differential amplifier 4. Photoelements 
with ordinal numbers 1, 2, 3, 4, 9, 10, 11, 12, 17, 18, 19, 20 and so on 
are connected to its direct inputs, while photoelements with ordinal 
numbers 5, 6, 7, 8, 13, 14, 15, 16, 21, 22, 23, 24 and so on are 
connected to the inverse inputs. The spacing of the equivalent arrays 
will then be equal to 153 = 8d = 41) and the following signal frequency 


signal u, will exist at the output of amplifier 4 upon motion of the 
image 2 along photoarray 3 


The frequency dividers are connected to the outputs of all the 
differential amplifiers (except the first). The division factor p of 
each frequency divider is determined by the ordinal number of the 
differential amplifier to which it is connected and is equal to 


m= 


pp= 2s 


where i is the ordinal number of the frequency divider, equal to the 
ordinal number of amplifier. 


If the harmonic signals existed at the outputs of all the differential 
amplifiers, frequency signals '’, would have existed at the outputs of 
the frequency dividers. The optimal modulation conditions of the image 
elements by elements of equivalent pattern arrays are observed when half 
the spacing of the array is equal to or close to the main dimensions of 
the most frequently encountered parts of the image. Thus, the 
qualitative harmonic signal whose frequency is determined by the motion 
speed of the image will exist at a specific moment of time at the output 
of the differential amplifer, on the basis of which the equivalent 
pattern array with spacing optimal for a given image is created. A 
harmonic signal of lesser amplitude will exist at the output of the 
other differential amplifiers, and the signal] will even possibly 
disappear at individual moments of time. Upon motion of the image, its 
structure within the photoarray varies continuously, the optimal 
modulation conditions will be created alternately for different 
equivalent pattern arrays, and the stable harmonic signal will exist at 
the outputs of the different amplifiers. Frequency signal rq, will exist 
at the output of the frequency divider, connected to the differential 
amplifier with spacing of the array, optimal for the given moment. 
Unstable frequency signals, the mean value of which is less than or 
equal to frequency i’,, will occur at this moment of time at the outputs 
of the other frequency dividers. A voltage proportional to ’, and 
accordingly proportional to the motion speed v of the image will then 
exist at the output of the frequency-to-voltage conversion module, 
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connected to the frequency divider, at the output of which frequency 
signal vm exists. Smaller voltages will occur at the outputs of the 
other frequency-to-voltage conversion modules. The signal ui2, 
proportional to frequency i’ and to speed v, will then exist at the 
output of the maximum voltage determination module 12. 
































Figure 4.16. Working Principle of Detecting 
Part of SKSI on Fiber Optic Light Guides: 
1--objective; 2--cylindrical lens; 3--image; 
4--fiber light guides; 5--bundle of light 
guides; 6--collecting lens; 7--photoelement 


System with spatially fixed modulator on optical fibers and unswitched 
photoelements. It is sometimes convenient for practical application of 
the SKSI to use a photodetector based on fiber light guides. Besides 
the purely structural advantages, this device may have greater 
sensitivity compared to a SKSI, based on the use of photoelectric strip 
arrays, since photoelements of very high sensitivity (photoelectronic 
amplifiers, cooled photodiodes and so on) can be used in it. 


Such a photodetector, which operates in combination with the electric 
circuit presented in Figure 4.14, a, is shown in Figure 4.16. The 
objective 1 forms an image 3 in plane xy. Cylindrical lens 2 compresses 
the image along axis y. The ends of fiber light guides 4, each of which 
has diameter d, are arranged in one row along axis x in plane xy. The 
opposite ends of the light guides are collected into four identical 
bundles 5. Collecting lenses 6, which collect the luminous fluxes 
emerging from the ends 5 to photoelements 7, are located near the ends 
of the bundles. 
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The considered photodetector is connected to the circuit presented in 
Figure 4.14, a, to points, a, b, c, and d instead of photoarrays 3. The 
action of this SKSI is similar to that of the SKSI presented in Figure 
4.14. 









































Figure 4.17. Working Principle of Photodetector Part of 
SKSI With Spatially Fixed Optical-Mechanical Modulator: 
a--with helical pattern array; b--with radial pattern array; 
1--objective; 2--image; 3--modulator disk; 4--diaphragm; 
5--diaphragm window; 6--electric motor; 7--collecting lens; 
8--photoelement 


System with spatially movable optical modulator. Systems with spatial 
movable filters or, as they are also called, with spatially movable 
modulators, are a further development of the SKSI considered earlier 
with spatially fixed modulators. Their advantages are increased 
sensitivity and the capability of determining the direction of 
misalignment of the image. 


A number of these SKSI is known [34, 41, 77], which differ by the 
modulator and by the signal processing circuit. (Footnote) (British 
patent 1,391,779, U.S. patent 3,511,150) Let us consider the working 
and operating principles of one of these SKSI, which permit one to 
measure the motion speed of the optical image upon displacement of it 
along two mutually perpendicular axes xy in both directions along each 
axis. Before turning to consideration of the SKSI, let us become 
familiar with the working principle of its photodetector part, which 
contains a moving optical-mechanical modulator. 


Two variants of the photodetector of the SKSI with spatially movable 
optical disk modulator having spiral (a) and radial (b) pattern are 
shown in Figure 4.17. Each of these varieties of these photodetecting 
part has the following common elements: objective 1, which creates the 
image 2 of the object in image plane xy, a modulator disk 3 with spiral 
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or radial pattern pattern applied to it, fixed diaphragm 4 with windows 
5 of the corresponding shape located on it, motor 6, which sets 
modulator disk 3 into rotation at constant velocity ¢, collecting lenses 
7 that collect the light passing through modulator 3 and windows 5 of 
diaphragm 4, on the sensitive surface of photoelements 8. The image 
plane 2 is combined with the pattern plane of modulator 3. The spatial 
period or, in other words the spacing of the pattern array is denoted by 


1 Parameter > is the length of the arc encompassing the transparent 
and opaque sections of the pattern along the average length of window 5 


in the case of a radial pattern. The vector v shows the speed and 
direction of motion of the image 2 with respect to the origin xy, while 
the values vx, and vy are speed components v along axes x and y. When 
the modulator disk 3 rotates at constant velocity v, its pattern lines 
move with respect to the fixed apertures 5 of diaphragm 4 and the effect 
of motion of the pattern array in the direction of axes x and y is 
created with a helical pattern (Figure 4.17, a) and perpendicular to the 
same axes with a radial pattern (Figure 4.17, b). 


The motion speed of the pattern array is shown by vectors “ with 


respect to axes x and y. 


The pattern array of the modulator 3, moving with respect to image 
elements 2, modulates the luminous flux arriving through windows 5 and 
lenses 7 to photoelements 8. 


If the image if fixed, the light impinging on photoelements 8 will be 
modulated by the following frequencies: My = nk in the case of a 


modulator with spiral pattern and VD = mN in the case of a modulator 


with radial pattern. In these expressions, n is the rotational 
frequency of the modulator disk, k is the number of passes of the 
spiral, and N is the number of divisions of the radial pattern. 


When the image moves at speeds vx and vy along axes x and y in modulated 
light impinging on photoelements 8, the following additional components 


appear 
Vx _— Uy Tp ara Vy = vy n- 


Thus, if the motion moves at speed v, the photoelements will receive 
luminous fluxes modulasted by frequencies: 


(4.4) 
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Vy = Vp Ey (4.5) 


Expressions (4.4) determine the frequencies vy; and v’’,; for 
photoelements located in the plane passing through axis x in the case of 
using a photodetector with helical pattern of the modulator, and in the 
plane passing through axis y in the case of using a photodetector with 
radial pattern. 








Figure 4.18. SKSI With Spatially Movable Optical Modulator: 
1--objective; 2--image; 3--modulator disk; 4--diaphragm; 
3--collecting lenses; 6--electric motor; 7--photoelements; 

8--filters; 9--comparators; 10--forward pulse front former; 

11--rear pulse front former; 12--pulse level formers; 
1°0--filters; 14--amplifiers; 15--indicators; 16--generators; 
17--sensor; 18, 19, 20--measuring modules 


Expressions (4.5) determine the frequencies ’y; and ’’,;, respectively, 
for the photoelements located in the plane which passes through axis y 
when using a photodetector with helical pattern of the modulator, and in 
the plane passing through axis x when using a photodetector with radia! 
pattern. The sign in front of the second term of expressions (4.4) and 
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(4.5) is dependent on the direction of motion of the image and 
corresponds in the given case to the directions of the speed vectors, 
shown in Figure 4.17. 


It follows from expressions (4.4) and (4.5) that the speeds vy and \, 
correspond to double the variations of frequency: 


Aves = Vaio> Vet | 
! : (4.6) 
Avia Val Vint 


The above photodetector and the given relations indicate the possibil its 
of using the different method of meastirement with an increase of 
sensitivity characteristic for it. These types of SKSI are described in: 
(36, 77]. There are also varieties «f this device in which two 
photodetectors, arranged along axes \ and \, are used instead of four 
windows in the fixed diaphragm |.) The signal coming from the additional 
photoelement, which is located in front of the aperture in the diaphragm 
and is illuminated from the opposite direction of the disk by a special 
illuminator, is used as the reference frequency. (Footnote) (1.S. 

patent 3,511,150) 


A functional diagram of a two-coordinate ShSI with the above optical- 
mechanical modulator, which has a radial pattern array, is presented in 
Figure 4.18, while the type of processes occurring in this system is 
shown in Figure 4.19. The objective 1 (Figure 4.18) that does not 
include sensor 17 forms the image 2 of the object in the plane of the 
modulator disk 3, combined with plane xy. A fixed diaphragm, having 
four identical apertures, is located in the immediate vicinity of 
modulator 3. The modulator disk 3 is set into rotation by electric 
motor 6. The light that is passed from objective 1 through modulator 2 
and the windows of diaphragm 4 is collected by collecting lenses 5 on 
photoelements 7. Filters 8 and comparators 9 are also included in the 
sensor. 


The remaining part of the measuring channel of the SKSI is Located in 
the measuring module 18 and contains a pulse former module 19, 
consisting of forward 10 and rear 11 pulse front formers, conversion 
module 20, having level] formers 12, and amplifiers of different leveis 
14. A generator 16 and output indicators 15 are located in module 18, 
besides these assemblies. 


Since the considered SKSI is two-coordinate, if contains two identical 
measuring channels, related to coordinates ~ andy. Let us consider the 
action of the system on the example of operation of one of the measuring 
channels, for example, of channel! x. 
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Figure 4.19. Type of Processes Occurring in SKSI With 
Spatially Movable Optical Modulator 














Electric signals of complex shape u7 and u’;, containing harmonics with 
frequencies Vxi = ‘p—VYx and vy; — v, + v,, are fed from photoelements 


7 and 7’ to filters 8, which distinguish signals ux and u’s with 
frequencies Vy; and v’,;. Comparators 9 convert harmonic signals us and 
u’, to pulsed signals uy and u’9 at the same frequency /,; and I’ <1; 
these signals are fed to the inputs of module 18. Module 18 is designed 
to find the difference of frequencies Vv, and v’, and to convert it to an 
analog output signal u;4, proportional to the sare of displacement vx of 
image 2 along coordinate x. The action of module 18 is based on shaping 
of square-wave pulses u;o and u’;a of stable length tye which follow at 


frequencies ’,; and v’,;, and on measuring the difference of the mean 
values of potentials u;3 and u’;3, corresponding to these pulses. 


Pulsed signals ug and u’g are fed in the operating mode to the cell of 
pulse former 19 to the inputs of the forward pulse front formers 10. 
The positive potentials, by which the rear pulse front shapers 11 are 
started, the output signals u;; and u’;; of which, arriving at the 
second inputs of shapers 10, establish a zero potential at their 
outputs, are established at the outputs of these formers after shaping 
of the forward fronts. 


thus, sequences of square-wave pulses u;9 and u’;9 of stable length t 
with intervals to; at too between them are formed at the outputs of the 
cell of pulse shaper 19. The rear front shaper 11 is a time delay 
element and is controlled by pulsed signals u;,g of the stable frequency 
of generator 16. The length ty is independent of frequency ?’y; and ?’’y; 


of signals ug and u’5; it is assumed identical for both channels and 
should be close to period T of signals uy and u’y of the maximum 
possible frequency ’x;max and ’’xijmax, but should not exceed it. The 
length of intervals tn; abd tno between pulsed signals ujn and u’; is 
inversely proportional to frequencies Vx; and Vx. 
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The level difference amplifier 14 subtracts the levels of signals u, 3 
and u’;3 and amplifies their difference. Thus, the output voltage uy, . 
will be proportional to 2”,; and, accordingly, it will be proportional 
to speed vy, of the motion of the image along coordinate x. The polarity 
of the output voltage u;4 determines the direction of motion of the 
image. Signal uj, is fed to the input of the image stabilization system 
and to indicator 15. 


SKSI with spatially movable modulator on photoelectric switched array. 
The main disadvantages of the above SKSI and other similar systems are 
the large overall dimensions of the moving optical-mechanical 
assemblies. SKS] based on the use of photoelectric switched arrays are 
devoid of these deficiencies. (Footnote) (USSR inventor’s certificate 
1,037,178) These devices can be made incomparably sma!| in dimensions 
and mass, especially when using modern microelectronic technology, with 
the same sensitivity (as in SKST with opt ical-mechanical modulator). 

Let us briefly consider the working and operating principles of one of 
these SKSI. A simplified functional diagram of the SkSI is presented in 
Figure 4.20, a. Objective | forms an image 2, lying in plane xy. A 
photoelectric array 3, which is a special photoelement that consists of 
N identical strip photoelements is located in the same plane. In the 
simplest case, these strip elements are combined into four groups 
(Figure 4.20, a). Leads a, b, c«, and d of groups of strip phetoelements 
are connected to the inputs of four identical switch modules 4-7. The 
control inputs of the switch modules are connected to the outputs of 
circular shift register 8, which controls master oscillator 9. The 
outputs of switch modules 4-7 are connected to the inputs of 
differentia] amplifiers 10 and 11, while the outputs of these mee 
are connected to the inputs of the frequency comparator 12. 


A sequential series of logic ones is written in the first half of the 
register digits 8 in the initial state of the circuit, while a 
sequential series of logic zeros is written in the other half. The 
direct outputs of register bits 8 are connected to the control inputs of 
switch modules 4 and 6, while the inverse outputs are connected to the 
control inputs of switch modules 5 and 7. The keys, to the inputs of 
which signals of a logic one from register 8 will be fed, will be opened 
and the keys, to the inputs of which signals of the logic zero will be 
fed, will be closed at each moment. of time in the switch modules. 


The system operates in the following manner. Frequency pulses v. are 


fed from master oscillator 9 to the input of register 8. Each of these 
pulses leads to an annular shift by one bit of the binary number written 
in register 8, which contains an even number of bits. The switches in 
modules 4-7 will be switched upon a circular shift of the number written 
in the register. Signals Up -467 from photoarray 3 are the same at the 


outputs of the switch modules which would exist if four optically 
unconnected equivalent pattern arrays were applied to the image 2 to be 
checked; two of them, shifted by half a period Lys would move in one 
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direction along axis x (vectors Yo and Vp? while the two others 


(also shifted by half a period 1) would move in the opposite directions 


(vectors “2 and v’_,). The following relation would occur 


p2 


|Ypr | = [epi] = [opel = |epel- 






























































































































































Figure 4.20. System With Spatial Movable Modulator on 
Photoelectric Switched Array: 
a--SKSI device; b--switching of photoarray; c--nature 
of signals; 1--objective; 2--image; 3--photoarray; 
4-7--switch modules; 8--circular shift register; 
9--master oscillator; 10, 11--differential amplifiers; 
12--frequency comparator 


The given SKSI can be conditionally related to devices with spatially 
movable modulator with regard to this operating feature of the 
photoarray, which simultaneously performs the role of modulator. If 
there is no motion of image 2, i.e., at v = 0, signals Up -47? 


containing variable frequency component Yn = Vit will exist at the 
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outputs of switch modules 4-7. The values of 1, and YD are related to 
the number of my bits of register 8 and to the width d of strip 


photoelements by the following relations: [, = m,d; Uy) = dvo. 
Then v, = v,/ip. 
The frequency i’) varies by value Av = vW/1) when the image moves along 


axis x at speed v in signals 64-497 at the outputs of the switch 


modules. If the direction of the motion of the image and the direction 
of the equivalent pattern array coincide, frequency ’s is reduced by Ar. 
If these directions are opposite, the frequency vs is increased by Ar. 

Thus, signals U4 and Ups: containing frequencies ia * Av, will occur at 


the outputs of key modules 4 and 5 and signals “96 and Up7 containing 


frequencies vo # Av, will occur at the outputs of switch modules 6 and 
7. Besides the variable components, signals ee also have constant 


components, determined by the background noise from the object. The 
outputs of modules 4-7 are connected in pairs to differential amplifiers 
10 and 11, in which the constant components of signals Y64-o7 are 


mutually compensated, and the variable components containing frequencies 
vo & Av and vy # Av are separated. Signals u;, and u;; are fed from the 
outputs of amplifiers 10 and 11 to the frequency comparator 12, at the 
output of which there is a signal uj;9, proportional to the frequency 


difference eq 


The value of this signal is proportional to the motion speed \ of the 
image, while the sign indicates the direction of motion. The number of 
bits of the register is m) = 4 in the SKSI layout presented in Figure 


4.20, a. The number of the keys in each of modules 4-7 is also equal to 
the number of bits of the register. The spatial period of the 
photoarray can be determined from the relation |, = 4d, since here a = 


) 
= 2d. +2Av = (vy + Av) — (vy F Av) 
Upon operation of this SKSI, the motion of the equivalent arrays is 

discrete. The number of bits my of the register must be increased and 


the number of kevs in modules 4-7 must accordingly be increased, and 
also the number of strip photoelements of photoarray 3 must be increased 
to reduce the discreteness of motion. Switching of photoarray at m, = 8 


p 


is shown in Figure 4.20, b. The photoelements connected at a given 

moment of time and related to one of four equivalent arrays are denoted 
by the cross-hatching. The discrete shift of the array by d, equal to 
the width of one strip photoelement, occurs for each frequency pulse ve 


if master oscillator 9. There is a stepped signal uo’ shown in Figure 


4.20, c, at the output of the switch module. The value of the time 
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interval T. of each element of the stepped signal ue can be determined 


from the expression T. = 1/v,. 


The shape of the signal Up which would exist if the motion of the 


array, superimposed on the image, would exist continuously, rather than 
discretely, is shown by the smooth curve in Figure 4.20, c. It is 
obvious that the greater the value of my: the closer the shape of the 


signal u’ o approaches that of signal Up: 


System with spatially movable modulator on optical fibers and switchable 
photoelements. It is sometimes convenient to have the photodetector of 
the system on fiber light guides for practical application of SKSI with 
spatially movable modulator. Besides design advantages, this device may 
provide higher sensitivity compared to SKSI in which strip photoelectric 
arrays are used. The photodetector part of this SKSI is similar to that 
shown in Figure 4.16, while the electric circuit differs in no way from 
that presented in Figure 4.20, a. Discrete photoelements of the 
photodetector part on fiber light guides are connected to points a, b, 
c, and d of the inputs of switch modules 4-7 (item 7 in Figure 4.16). 


The operating principle of this SKSI is similar to that of the above 
SKSI on a photoelectric switched array. 


4.6. Types of Image Motion and Their Influence on Operation of SkSI 


Motion of image and its components. The approximate form and direction 
of misalignment of the image, which occurs in the image plane of an 
optical instrument (for example, an AFA), mounted on a movable base, are 
shown in Figure 4.21. Let us assume that axis s of the image plane is 
joined to the longitudinal axis of the platform on which the AFA is 
mounted and that it coincides with the direction of its translational 
motion. The value v tw. will then represent the so-called ground or 


longitudinal component of the motion speed of the image, while Vay will 


represent the transverse component, determined, by the lateral 


misalignment or drift of the platform containing the AFA. Component Vex 


is determined by the longitudinal or pitching motion of the platform 


containing the AFA, while component Vey is determined by the rolling 


motion of the platform. Yawing of the platform containing the AFA is 
estimated by the angular rate of turn “DK of the image with respect to 


the origin of coordinate system Oxy. This rotation of the image results 
in the appearance of tangential components of the linear rotational 
speed of the points of the image VoKi’ the values of which are 


proportional to the angular velocity wv, and radius R;, 1.e., v = 


pK pKi 
Misalignment of the platform and AFA along axis z in the 











direction toward the object or from it results in the appearance of 
image speed components Vu’ which occur due to variation of the image 


scale. The value of this speed is also dependent on radius R, and the 
point of the origin of radius Rj does not always coincide with the 
origin of coordinate system Oxy. 











Figure 4.21. Nature and Types of Misalignment 
of Optical Image: 

1--image of object at specific distance H f'rom 

objective to object; 2--image of same object 
upon decrease of H 


In practice all these component speeds exist upon motion of the platform 
and AFA and, therefore, the motion of the image is rather complicated in 
nature. Calculated functions that permit one to determine the value of 
each of the considered components of the motion speed of the image were 
presented in Chapter 1. 


Operating modes of SKSI and effect of type of image motion on its 

functioning. Depending on the designation and operating conditions of 
the optical instrument, which includes the SKSI, it can operate in two 
modes: 1) information measuring and 2) as an error sensor in the ASSI. 


In the first case, the SKST is a device that measures the absolute 
motion speed of the optical image. 


For example, it is convenient to use the absolute values of the total] 
speeds Vy. and “y, along axes x and y for the general type of image 
ae ~ 


motion of the SKSI, presented in Figure 4.21: 
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Usy = Une r Un + Unies Uny = Cny ot Uy yu t Omy- 


It is obvious that the value and direction of the resultant motion speed 
of the image can be determined from the values of ‘yy and a SKS I 


operating in the information measuring mode may have switchable limits 
of measurement along both axes, while the measurement error is 
determined by the type and working principle of the SKSI. In the second 
case, the SKSI essentially measures the difference of the motion speeds 
‘5. and Vy. of the image along the corresponding coordinates and the 

; nx and Vn. of the detector of the optical device, located 
in the image plane, for example, of the photographic film in an AFA. 


motion speeds v 


In this case: 


’ = f).. —_ ee . ' — I e 
Ux “yx t nav t "oo Usy — On y: 


The static characteristics of a SKSI operating in this mode are similar 
to those shown in Figure 4.5, b. As in the case of using other sensors, 
the static characteristic of this SKSI has a range of measurement, zone 
of insensitivity and saturation region. Its sensitivity is generally 
determined by the formulas: 


du... S du, 
wg = 6 i 
dv, 


Signals uy and uy are fed from the outputs of the SKSI to the inputs of 
the image stabilization system, where they are converted to 
displacements of the compensating elements of the ASSI, which result in 
a decrease of the resulting speeds vx and vy to permissible limits. 


The main requirements on the SKSI (as on the element of the ASSI) were 
outlined in section 4.2; let us additionally note the following. 


When a number of optical] instruments are operating, the value of the 
component speed Vie (Figure 4.21) may be considerably greater than that 
of Vins: and of the other components Ve and Vy An additional 

compensat ing element (rotary mirror, or prism, or something else), which 
operates as a function of the ground speed component of the motion of 
the optical instrument with respect to the object, must be introduced 
into the instrument to provide the given stabilization accuracy of image 
motion and also to permit the use of a SKSI having high sensitivity and 
narrow measurement range. Information about the ground speed component 
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of the motion of the instrument can be obtained from various types of 
sensors, including those from the SKSI operating in the information 
measuring mode. 


4.7. Errors of SKSI 


Types of errors of SKSI. Real SKSI have finite accuracy 
characteristics, determined by the errors of the system. The errors 
that occur during operation of the system, according to the 
classification of errors of systems [15, 16], can be divided with 
respect to their features into absolute and relative, additive, 
multiplicative, exponential, periodic, systematic and random, methodical 
and instrumental, and static and dynamic. Based on the physical nature 
of the origin of errors of the SKSI, they can be divided into 
methodical, engineering design, dynamic and noise [15]. The methodica! 
errors A, are determined by the adopted method of checking, by the 


inaccuracy of determining the parameters of the physical processes 
occurring in the system, and are ordinarily random in nature, mostly 
approximated by normal distribution law. 


The engineering design errors i are divided into svstematic and random. 


Systematic errors can be compensated or taken into account during 
operation of the system. Random errors are static in nature and their 
laws of distribution can be different. 


Dynamic errors A. are determined mainly by the inertia of the elements 


ql 
of the system and of the entire system as a whole. To reduce this 
error, it is desirable to reduce the inertia of the system if possible, 
but this may result in an increase of the noise error. 


Noise errors AW are caused by variation of the parameters of the system 


due to the effect of different perturbing actions, which are random in 
nature. These actions are temperature, voltage and current fluctuations 
of the electric circuits and so on. It follows from the above 
classification of errors of the SKSI that all the errors (except those 
compensated by the systematic engineering design error) are random in 
nature and they can be mostly considered independent. [16]. The total 
error dy of the SKSI can be represented in the following manner: 





Ay = V Ant An + Ant Ain 


It is obvious that the parameters of the SKSI must be optimized 
according to the criterion of the minimum error. Determination of the 
effective errors of real SKSI is very difficult and is considerably 
dependent. on the working and operating principles of the system. The 
limited scope of the book does not permit detailed consideration of the 
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determination of all errors of SKSI, different in working principle. 
Let us dwell in this section on the main components of the total error 
that determine the operating accuracy of the SKSI. 





Figure 4.22. Working Section of Linear Modulator: 
1--fixed diaphragm; 2--working segment of modulator 
pattern in window of diaphragm 


Methodical error of SKSI. The main error component of frequency SKSI, 

determined by the method of issuing information about the motion speed 

of the image, is the methodical error of the modulator in the measuring 
channel of the system. 


Fixed and movable optical modulators are mainly used in the above SKSI. 
A fixed modulator on an unswitched photoelectric array is essentially a 
variety of a fixed optical modulator, while a modulator on a switched 
photoelectric array is a unique movable modulator with discrete, stepped 
displacement. 


The main geometric parameters of the working segment of a modulator with 
linear pattern, used in some of the above SKSI, are presented in general 
form in Figure 4.22. In this figure, A and B are the length and width 
of the window of the diaphragm 1, through which a segment of pattern 2 
is visible. A frequency system, operating in the information measuring 
mode, is described in [89] and the determination of the methodical error 
of the system is presented. A self-adjusting filter is used in the 
electric circuit of the system. The frequency SKSI may have an electric 
filter that is not self-adjusted to the center of the spectrum of the 
electric signal from the photoelement when operating in a closed ASSI, 
since this adjustment is essentially performed by the ASSI, which tries 
to keep the image fixed in the working zone of the instrument and this 
means in the plane of the SKSI modulator located in this zone, when 
operating in a closed ASSI. But the center of the spectrum of the 
electric signal from the photoelement is maintained at one frequency, to 
which the electric filter of the measuring channel of the SKSI is 
turned. Thus, the nature of the methodical error of the system 
described in [89] and of the considered frequency SKSI is the same. 


Based on mathematical analysis of the principles of modulation and 
subsequent electric filtration of the signal from the photoelement, the 
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formula of the mean square error in frequency, estimated in hertz, which 
can be written in the following form for our case, was found in [89]: 


UV on 
4; = / 240’ 


where v is the motion speed of the image, mn-s~™!, Yon is the frequency 


band of the electric filter, Hz, and A is the length of the modulator, 
mm. 


In turn, according to Figure 4.22, we have 


A =1,N’, 


where 1, is the spacing of the pattern array of the modulator, mm, and 
N’ is the number of spaces of the working segment of the modulator 
pattern. 


The mean square error in speed can then be determined from the 
expression 








__ UViba _ } vl Vpn i: 
Ao=!) V oN = VY 2iN’ (4.7) 


The considered error is essentially the methodical error of a frequency 

SKSI with fixed linear modulator, and its distribution is subordinate to 
normal law [89]. Glass disks with spiral or radial patterns applied to 

them (see Figure 4.17) are used as the modulator in SKSI with spatially 

movable optical-mechanical modulator. 


These SKSI (besides the methodical error described above) have an 
additional error, determined by the characteristics of the modulator 
pattern device, for example, by the nonlinearity of the strips of the 
spiral pattern and by the aparallelism of the strips of the radial 
pattern. This error is also related to the methodical error and is 
independent with respect to the above error. 


A working segment of a modulator having spiral pattern is shown in 
Figure 4.23, a. The modulator is made in the form of a glass disk 1, on 
which the figure of a pattern 2, which is an Archimedean spiral, is 
applied. A fixed diaphragm 3 with windows in the form of narrow slits, 
oriented along axes x and y, is located in front of the modulator disk. 
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Figure 4.23. Working Segment of Modulator With Spiral Pattern: 
a--shape and arrangement of working segment; b--graph of function 
that determines position of line [; 1--modulator disk; 2--working 

segment of pattern in diaphragm window; 3--fixed diaphragm 


To eliminate the additional methodical error that occurs due to the 
spiral pattern 2, which is visible in the diaphragm window 1, the middle 
line F of the window should be shifted with respect to the corresponding 
axis x or y such that the pattern lines, visible in the diaphragm 
window, are perpendicular to this line, while the line itself is 
parallel to axis x or y. The error of the modulator can then be 
determined by the above formula (4.7). To determine the position of 
Jine F, one can use the auxiliary graph presented in Figure 4.23, b. 
Here: 


(4.8) 


The values of x and y in expressions (4.8) are the current values of the 
coordinates of the points of curve F, while coefficient b is the 
constant in the equation that describes the Archimedean spiral p = by, 
and p is the length of the radius vector that describes the spiral and » 
is the angle between the radius vector and the axis. 

The radius vector is elongated by the spacing 1 of the pattern during a 
complete revolution, i.e., by 1, = 2rb. Expressions (4.8) can then be 


written in the form: 


u k.: 


i 





(4.9) 
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Knowing the value of 1 and being given the values k,, for which we 


determine the corresponding values ky from the given graph, using 
expressions (4.9), we find the coordinates x and y of the points of 
curve F. 


It follows from expressions (4.9) and graph ky = f(k,) that curve F 
passes approximately to axis x at distance c = Ti /(er) from it at 


approximately x = i. This also means that the middle line F of the 


diaphragm window can be made coincident with the corresponding 
coordinate axis x or y for small values of 1). The number of the 


spacing of the pattern should be added within the length A of the 
diaphragm window, i.e., A = 1,.N’. Violation of this condition causes 


the appearance of fluctuations of the luminous flux passing through the 
diaphragm window upon rotation of the modulator disk, i.e., it results 
in the occurrence of one of the components of the noise error Aa 


Modulators based on an unswitched photoelectric array can essentially be 
considered as fixed optical spatial filters. A working segment of this 
modulator is similar to that shown in Figure 4.22 and the mean square 
error in speed can also be determined from expression (4.7). 


Matters are somewhat more complicated in the case of using a switched 
photoelectric array in a SKSI, similar to that considered in section 
4.5. Discrete displacement of the equivalent pattern arrays occurs in 
this SKSI, which results in the occurrence of stepped signals at the 
output of the photoelements of the array. Therefore, besides the main 
methodical error of determining the motion speed of the image, related 
to the frequency method of measurement itself, there will exist an 
additional methodical error, caused by the discrete nature of the motion 
of the pattern. 


The error in determination of the variation of signal frequency A(Av) is 
caused by the quantum nature of the signal in the given SKSI and is 
determined by the formula A (Av) = dv,/l,, where vy is the frequency of 
the electric signal in the check system, determined by the motion of the 
equivalent pattern with a fixed image. 

It is known from description of the working and operating principles of 
the SKSI presented in Figure 4.20 that v, = v,/m,, /, = m,d. The error 
can then be determined by the formula A (Av) = V-//lp. 

The additional error in determination of the motion speed of the image, 


caused by the discrete motion of the pattern, is found from the 
expression 
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As =— l, A (Av) = [Ve /Mi. (4. 10) 


Based on expressions (4.7) and (4.10), one can then write the following 
relation for the total methodical error of determining the motion speed 
of the image of a SKSI with single equivalent array: 








f Va- i? y: 
A, —— VE p p-1 pr 
od | 24N’ + m, ° 


It is obvious from this expression that an increase of the number of 
bits of the circular shift register (see Figure 4.20, a) and a decrease 
of the values of 1) and ve results in a decrease of the total methodical 


error. An increase of the number m, may be reasonable only up to a 
limit at which the value of d assumes a value d = 1/(2R)), where Ry is 


the resulting resolution of the optical system of the device. 








Chapter 5. Electromechanical Subsystems of Image Stabilization Systems 


5.1. Design Principles and Problems of Design of Electromechanical 
Subs ystems 


Design principles of precision electric drives. Precision movements of 
mechanisms can be achieved by using reducerless electric drives in open 
and closed control systems. Control is primarily exercised in open 
systems on the basis of electric step motors. Various types of electric 
motors are used in closed systems and one can essentially achieve high 
accuracy of motion of mechanisms. A complex control system can be 
effectively broken down for interconnected electric drive systems by 
creating separate closed systems. 


Studies show that the motions of the mechanisms of functional devices of 
image stabilization systems should proceed with current errors in 
position that do not exceed units of angular seconds for angular 
displacements and units of a micron for linear displacements. Errors of 
motion by speed, estimated in percent of current speed, are in the range 
of values less than 0.01 percent. The accuracy of these systems is 
determined to a considerable degree by the indicators of dynamic 
accuracy. The indicators of static accuracy are insignificant with 
regard to the fact that integrals must also be introduced into control 
laws when designing control systems to compensate for the constant 
components of perturbations and this predetermines the receipt of as 
small static errors as desired in control systems. Dynamic accuracy is 
determined to a significant degree by both the dynamic characteristics 
of perturbing actions and by the dynamic characteristics of measurement 
noise, which is represented in the form of complex deterministic and 
stochastic processes. 


Stabilizing, follow-up and programmed precision motions of mechanisms 
are realized by control systems in image stabilization problems. 
Follow-up modes in precision electromechanical systems are performed so 
that the spectral band of the control system is greater than the 
spectrum of the master signal and that it be reproduced without 
distortions. Follow-up modes are similar to stabilizing modes in this 
regard. If follow-up is achieved in different regions of the motion 
speeds of mechanisms, transition of the system from one region to 
another occurs by switching the structure of the control system. This 
trajectory mode is realized with limitations of the torques of electric 
drives at the level of permissible values. 


The general design principles and principles of calculation of electric 
drive control systems are outlined in detail in [7]. Modern electric 
drive control systems are constructed primarily on the principles of 
subordinate (cascade) control. This principle guarantees maximum 











simplicity of design and adjustment of electric drive systems, low 
sensitivity of the systems to variations of parameters, and the 
possibility of using standardized tunings of the control circuits and of 
standardized components for realization of them. 


The principle of control by the vector of state of the object is 
widespread, along with the principle of subordinate control. This 
control is used primarily in design of local electric drive systems with 
flexible couplings between the motor and mechanism. 


An important. aspect. in development of precision electric drives is 
selection of the position or velocity sensors and of the comparators. 
Several different methods of organizing control systems ensues from 
analysis of the methods of formation of precision motions according tc 
the type of comparators. Technical descriptions of these systems are 
given in more general form in [21]. The highest dynamic accuracies of 
motion can be achieved in pulse phase systems with separation of the 
formation of short-periodic and trajectory motions of electric drives. 


The following characteristics, which distinguish them from other 
electric drive systems, are typical for precision electric drive control 
systems: 


1. The high degree of organization of control of the electric drive 
itself (converter-motor controlled systems) to achieve rigid mechanical 
characteristics in open systems. 


2. The need for detailed consideration of the combination of all the 
determinant and random processes that influence the dynamic accuracy (in 
the electric drive itself, in the information system, in the comparator 
and in the control channels). 


3. The need to achieve wide bandwidths of signals in closed control 
systems, which determines the consideration of the flexible properties 
of the electric drives and mechanisms over a wide frequency band. 


Coupled electric drives as electromechanical subsystem of image 
stabilization system. It follows from Chapters 1-3 that simultaneous 
displacement of several optical elements or of one element in two-three 
coordinates must be used to stabilize the image upon spatial 
displacements of the base. Part of the functional devices of 
stabilization systems can be related to each other by mechanical 
assemblies and design elements. Moreover, cushioning devices, through 
the flexible couplings of which there is mechanical coupling of the 
coordinates of motion of the functional devices, are used in optical 
instruments. 


Electric drives are coupled with regard to these circumstances and, 
together with the structural elements of actuating and cushioning 
devices, are a very complicated electromechanical subsystem (VEMP) of 
the image stabilization systems. The control object must be regarded as 
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variable jointly with the regulators for solution of the main task-- 
achieving the necessary accuracies of motion--rather than as the given 
object in design of precision local and couplea electric drive systems 
from the viewpoint of achieving given or maximum dynamic accuracies. 
Both the coefficients of inertia and the parameters of flexible 
mechanical couplings of the object are variable parameters during 
design. On this basis, let us determine the generalized criterion of 
quality for design of the system and let us formulate the condition of 
decomposition of the control system. 


Decomposition of a coupled system, which results in the possibility of 
considering it in the form of separate individual systems similar to 
self-contained systems, is always used in one or another form in design 
of complex systems. This permits considerable simplification of a 
complex control system both in the design phase and in the phase of 
technical realization of it. 


Considering r output variables of the control VEMP with regard to their 
contribution to formation of the index of quality of the technical 
object, let us define the generalized criterion of quality by special 
criteria with regard to the standard of the estimation vector, of the 
vector of variable parameters a4, and of the constraints of variables in 
the following form: 


Q= Hr LAs, (5.1) 
| 


Ni 
tl ! 


at Qi(a)<c,é/=gtl,r a€M.. Here b, are weight coefficients of the 


output variables, c; are the values of constraints on estimates of 


special criteria of quality, @|,(@) are elements of matrix Q' (~) | Q:; (a) 1, 


i, J) = 1, n, and M is a closed set of permissible values of 4a. 


The conditions of the diagonal dominance of the matrix of estimates, at 
which 


Qi (4) >B 2 Qj (o), (5.2) 


]= 
Ji 


also determine the condition of decomposition of the coupled control 
system. One can assume approximately in formula (5.1) 
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Accordingly, the estimate of the generalized criterion of quality Q must 
be minimized with regard to constraints of coordinates of the system by 
changing the vectors of parameters 4 and one must guarantee fulfillment 
of condition (5.2). The given principle of decomposition of a coupled 
system can be defined as the principle of dynamic decomposition. It is 
distinguished from the principle of separation of motions of separate 
systems by the fact that all separate systems when using it may have 
Similar dynamics, which in goed agreement. with minization of the 
quadratic functionals of the qualities. 


The principle of dynamic decomposition guarantees synthesis of control 
primarily without resorting to cross-correcting correlations between the 
main separate systems. This guarantees a comparativel) simple structure 
of the control VEMP, similicity of the estimates «f errors of separate 
control systems, and reliable realization of systems using 
microprocessors. 


The high «complexity of mathematical description of precision contro] 
VEMP and the requirements of considering a lange number of factors that 
influence the accuracy of motion of electric drives result in the need 
to use the systems approach in formulation of design methodology. 
Indeed, there may be several coupled electromagnetic variables in Joeal 
electromechanical systems im circuits of shaping the electromagnetic 
moment alone. This is especially manifested in electric AC svstems. 
Strong couplings are formed in multimass mechanical subsystems with 
flexible couplings. Tt should be noted that high speed at ali levels of 
couplings is typical for VEMP, which places them among specific objects 
in which the dynamic processes are simultaneously determined by a large 
number of variables. 


Systems approaches to design of control VEMP can be used under these 
conditions. 


The specifics of the systems approach [27] is that a complex system is 
divided into individual subsystems. The individual subsystems are 
described and their properties are studied with regard to the properties 
of the system as a whole. Alternative versions of individual subsystems 
and of the system as a whole are considered. The problem of determining 
the set of design versions of an electromechanical control subsystem is 
related to problems of structural analysis. It is necessary in this 
case: 1) to establish the levels in the system.structure and to 
determine their correlation, 2) to perform topological decomposition 
with separation of subsystems having strong internal couplings and weak 
intersubsystem couplings, and 3) to determine separate control systems. 
The process of study is iterative in nature and ends in selection of a 
compromise version. 
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Figure 5.1. Diagram of Hierarchical Control System 


KEY: 

1. Technical object 12. Coupled mechanical subsystem 
2. Third level 13. Regulator very complex 

3. Information system 3 electromechanical subsystem 
4. Identifier 3 14. Very complex 

5. Technical control object electromechanical subsystem 
6. Functional subsystem 15. First level 

7. Control module 16. Coupled electromechanical 
8. Not further identified subsystem 

9. Second level 17. Regulator coupled 
10. Information system 2 electromechanical subsystem 
11. Identifier 2 


Let us determine the problems of design of precision control VEMP from 
the aspect of the systems approach. But let us first consider the 
generalized layout of the structural organization of the control system 
of coupled electric drives of the technical object (TO), represented as 
the diagram of the hierarchical system having three levels (Figure 5.1). 
The first low level contains a coupled electromechanical subsystem 
(VEP), the input variables of which are control signals of different 
semiconductor converters, while the output variables of which are 
electromagnetic moments (forces) of the electric motor N. The second 
level has a coupled mechanical subsystem (VMP), which has feedback with 
the VEP through electromagnetic induction circuits. The output 
variables of the coupled mechanical subsystem q are variables that 
characterize the motion of the mechanisms (linear and angular 
displacements, velocities, and elastic forces and moments). VMP and VEP 
subsystems, considered jointly, form VEMP. The third level contains a 
functional subsystem (FP), which guarantees formation of the index of 
quality of image stabilization ¢ and which includes optical elements 
that. are combined into a single optical system. One can consider the 
corresponding regulators--RVEP, RVEMP, and RTO, which are a coupled 
system in interlevel subordination in the control module (BU), similar 
to how this occurs in the technical control object (TOU). The 


181 











subsystems of each level contain information systems (IS) and 
identifiers (ID) that form the necessary information for the control 
process at each level and in the control system as a whole. The given 
sets of regulators are determined by the values of signals €4) q," and 


N ° 
3 


The possibility of topological decomposition of a complex structure into 
individual subsystems, each of which has strong internal couplings and 
weak correlations and feedback, is provided in the given generalized 
structure of the control system. This type of decomposition is 
"horizontal decomposition.” Moreover, "vertical" topological 
decomposition, which includes dynamic decomposition of correlated 
separated system included in the considered level subsystems, is 
possible. 


Problems of design of electromechanical subsystems from aspect of 
systems approach. The resulting dynamic error of the electric drive 
control system is generally dependent on the regular and random 
components of actions. The regulator components of the actions include: 
rotary and gear changes of the flow of the engine and (related to this) 
variations of the torque, rotary changes of the moment of resistance of 
the mechanism and of the kinematic gearing and also changes of the 
electromagnetic moment in DC motors, caused by commutation in the brush- 
collector assembly, and changes of the electromagnetic moment in AC 
motors with regard to deviation of the shape of stator voltages and 
currents from harmonic shape, and wave, periodic and other types of 
changes of the moment of resistance, related to functioning of the 
technical object. The random components of the actions include random 
variations of the moment of resistance and of the network voltage, and 
noise in the channels for measuring the coordinates of motion. 


The component of the resu]ting error, caused by variations of network 
motion if internal subordinate current or voltage subordinate control 
circuits of the controlled converter are used, is effectively reduced in 
the control systems. Changes of the moment of resistance and noise in 
the system for processing information about the coordinates of motion of 
the electric drive have the greatest effect on the dynamic error of the 
system. Optimization of the system, based on the minimum total dynamic 
error, is related to satisfaction of contradictory requirements of 
optimal filtration of measurement noise and of error components due to 
variations of the moment of load. 


Experimental studies of precision electric drive systems show that 
random processes are subordinate to steady-state and ergodicity 
conditions and have probability density distribution according to normal 
law. 


The perturbing effects and noise of measuring the coordinates of motion 


may have the most diverse form in practical situations and, accordingly, 
the form of a description. Specifically, descriptions in the following 
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form may be an adequate description of them: individual harmonic 


components, Fourier series /[ (tf) = /, ++ di An ¥ sil (wf -+ y,) With spectral 


x ) 
densities S(«) = 2n 8 (w) + 7 (A;/4) L6 (w — ox) -{ § (w + w:)}f, white or 
k=] ' 


color noise, wave processes, and also different combinations of them. 
The structureof the control system can be different in this regard and 
can be more or less adaptable to a specific practical situation. Design 
of a control VEMP in a quasi-stabilizing mode reduces to design of a 
system which, being a closed regulator, would correspond to the minimum 
given functional of quality. The problem of designing a control \VEMP 
from the aspect of the systems approach reduces to one of making a 
decision about selection of one alternative from a set of alternatives 
according to generalized criterion of quality (5.1), which reflects 
quantitatively the properties of the system. The problem of making an 
optimal decision in selecting the alternative is one of mathematical 
programming, which guarantees determination Q* = min Q among a set of 
estimates. 


Based on the foregoing, the general procedure of dynamic design of a 
precision control VEMP can be performed by using a computer in three 
steps: 1) design of a quasi-optimal structure of the system, 2) design 
of the main VEM and VMP subsystems, and 3) parametric design within a 
quasi-optimal technical realizable structure. The basis for solution of 
problems of the first step is use of a comparatively limited number of 
structures of control systems with approximately equal dynamic 
capabilities, which permits one to select a quasi-optimal structure by 
approximate dynamic synthesis with regard to the real actions and main 
constraints. 


Complications of the structure of a control system, related to 
measurement of additional coordinates (accelerations, velocities, 
dynamic moment) are justified only if the measurement noise is small 
compared to dynamic fluctuations of the coordinates of the excited 
system. The feasibility of introducing a new coordinate can first be 
estimated on the basis of the inequality 


co 


| { { 
Dui <! mn S47 (oo) do, 


-co 





where Dai is the error in measurement of coordinate y; and S*; is the 


approximate estimate of the spectral plane of the coordinate in an 
excited system. 
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Not only the noise of measuring the coordinates of the system and 
perturbations by load, but also the parametric perturbations in the 
motors, related to formation of electromagnetic moments, and other 
effects must generally be taken into account in design of precision 
control VEMP. Moreover, the constraints of the output voltages of the 
regulators, coordinate error meters, converters and constraints on 
permissible currents of the motors must be taken into account. Let us 
assume that the effects on the system is the k-vector p (p € R‘), while 
the checked coordinates are k-vector y (y € R'). Let us assume that the 
index of quality of the technical object is determined from r 
coordinates of vector y of g coordinates, while the remaining indices of 
the (r - g) coordinates should be in the range of the given constraints. 


Considering the effect on the system in the form of superposition of 
determinant. and stochastic processes and assuming that it is possible to 
represent determinant processes in the form of a Fourier series, let us 


write the elements of vector p in the form pj; = qj + A; X sin wf, j= 1, R, 


where q) is the random component of the effect. 


Having expressed the spectral density Sgj{«#) of the random component qj 
by the intensity of white noise N, and by the characteristics of the 


shaping filter S,;(w) = N;j| Wo; (jm)|’, where Wa jie) is the transfer 


frequency function of the shaping filter, and having expressed the 
spectral density of the harmonic component of the effect in the form 


S4; (@) = 2nA,/4 [5 (o — o;) + 6(o + ©;)l and relating the transfer function 


of the filter to that of the control system from the j-th effect on the 
i-th coordinate Wj ;(@#), one can write the mean square dynamic deviations 
of the i-th coordinate in the following form: 


= | | Wy; (Jo) Wi; (fo) do +4 0,54; | We; (jor) I]. 


- 





b 

=9 % 

t=) 
=—j 


} 


Or, taking into account that the expression |/2n | Wy; (jo) XW) jo)? {do = w 


-0o 


ij 


is the effective bandwidth of the system [9], and having denoted 
0.5A°; = A’*), we find 


he 9 
gia YUN ey FA; |W Goh (5.4) 
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If the random effects are presented in the form of the k-dimensional 
vector of white noise intensities N = [N,N,... N, |". the regular 
effects in the form of the k-dimensional vector of squares of amplitudes 
A= [A;'As _ Ai} and of dynamic deviations of the coordinates in the 
form of the r-dimensional vector of the mean squares of deviations y = 
= [yiy3 oe y?)", the equation thai characterizes the dynamic processe sin 


the system can be written in vector matrix form in the form 


—= WN +- KA, (5.5) 


where Wis ar *« k matrix of the effective bandwidths of the system, and 


W = lw, |.i=1.7,j =1.% and K is ar « k matrix of the squares of the 
moduli of the transfer frequency functions, and K = || IW, (jw,)|?] i = Tr, 
j=l, k. 


The integrals of the elements of the matrix of the effective bandwidths 
W can be reduced to typical form and the tabular values of the integrals 
can be used in the calculations [9]. 


The parameters of the regulators, at which minimum total variation or 
mean square deviations of the output coordinates is provided when taking 
into account the main constraints in the system and the flexible 
mechanical couplings of the electric drives, are found within the 
quasi-optimal structure during parametric optimization of the system. 
The transfer frequency functions Wj; (jw) are formulated on the basis of 
standardized dynamic characteristics of the control circuits of separate 
systems upon variation of a number of parameters. Having denoted the 


ie 


vector of the variable parameters «a = |%)%. «-.» &! one can write the 


generalized criterion of quality in the following form: 


zg 
Q=2 biyi(a), aE Mg. (5.6) 


The constraints of the remaining r - g coordinates, written in the form 





of inequalities y}(a)<C; at i=g +1, r, can be established in the 





following manner. The value Ajm x % 30,;.i = g+ 1.7. where o,; - Vy? (a) 


is the mean square deviation of coordinate v,, can be taken as the 
maximum deviation with normal law of distribution of the dynamic 
deviations of the coordinates of systems. 
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The conditions for taking into account the constraints during design of 


the system can be written in the form 96,; < (1/3)C;, i=g+T1,7, or 


¥i < (IP) C;. i = a+]. r. 


If each of the vectors y, N, A and @ are represented in the form of 
composite vectors y- [y!iy}!...:yZ]'; N= [NTINT:.INIJTS A — [ATIAT! EAT] 
and a — [a\:a}:...:a,]' according to the number of coordinates contained 


in the generalized criterion of quality, equation (5.5) can be 
represented in block matrix form 
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If the dynamic decomposition conditions are implemented, the quadratic 
block matrices can be represented in the form of diagonal block matrices 
and equation (5.7) can be written in the form of g matrix equations 


Yi (%) = Wii (a) Ni + Ky (a) Ay, i=, (5.8) 


which contain components of vectors yj, Nj, Aj, and a,j, the elements of 
which are related only to the natural main separate systems. This 
representation considerably simplifies design of the control VEMF. 
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Figure 5.2. 














. tT ___ 
di eh nas | Afaoesu Mcoenu Moder: 
5] eecmynaces] |) 6 sary 7 JAeHmyg- UMP INGULIDH- 
WA 74g lis? Udit npuborcé Hb/X CUCMEM 
} qG (7) | 
, Sa, ‘ , 
g| Mpudcusevna 
mooe..s EMAIL) 
110) T — 
g cucmeste! (1 D) 
5 | to 
e bu4res BINGE 
PV fanedesuseen 
~ wr nt03equ (1B) 
1: : 
lo) 5aicenui 
S PV Baziuadsn 
3 CACTI (14) 
: 
{6 {14) 
SJpeg] Cosma Cusme2 | 
VS] 39 MP BAN) = 
ait——| - = _ 
(ley! f tS eo 
ref cednned B24 'C innabae Yinounennas 
ae ed a ea 12) MOKCMPUAKUE 
S2 hice, (19) (23) MOK IHIVGAND 
e 
—~ ‘ 
~~ Crosenxa coomberncm AS *obepwen 
Al Aug pez camanece (24 (25) , 
Gunes Ied2Hu | ON Tymeqnenue 
‘Al ucx0@Hbix | (26) 
GQNHbIX 


Diagram of Algorithm for Design of VEMP 


(Key continued on following page) 
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Input data for design of control VEMS 
Program for dynamic accuracy 
Functional and constraint mode 
Variants of electric drives 
Variants of information systems 
Initial design of mechanism 
Models of perturbations 
Models of electric drives 
Models of information systems 
First stage of design 
Approximate model of VMP 
Decomposition of system 














13. Design of VEMS by approximation model 

14. Basic version of system 

15. Second step of design 

16. Design of VEP 

17. Design of VMP 

18. Third step of design 

19. Design of control VEMS according to refined model 
20. Refined design of mechanism 

21. Check of conformity of results of design to program 


22. Yes 
23. Design completed 
24. No 


25. Refinement of input data 


Thus, a solution for which 


e = 
Q* = min c = z bey; ), at (5.9) 
i=! 


! . 
Yi(a)<->-Ci, i=etl,r, a € My. 





must be found with regard to the adopted alternatives of design of a 
control VEMP. 


The elements of vector @ are: the coefficients of inertia and the 
parameters of the flexible couplings of the electric drives, the 
parameters of the regulators, the cutoff frequencies and the 
coefficients of the ratio of adjacent frequencies of amplitude-frequency 
characteristics of the system, corresponding to the transfer functions 
of the given type for separate control systems. The value of 44, which 
satisfies formula (5.9) and which establishes the basic version of the 
control system among the adopted alternatives of the structures and 
elements during the first step of design, the bandwidths of the separate 
systems, and the coefficients of inertia of the drive elements of the 
mechanism; it establishes the refined versions of the electromagnetic 
and mechanical subsystems during the second step of design; and it is 
establishes the parameters of the regulators of the separate systems and 
the estimates of the achievable indicators of the criterion of equality 
with regard to refined models of electromagnetic and mechanical 
subsystems during the third step. The problem of design is solved on a 
computer by nonlinear programming methods. Dynamic decomposition of the 
system is guaranteed at each level and in the entire system as a whole. 
The algorithm for design of a control VEMP is explained by a diagram 
{Figure 5.2). 


5.2. Dynamic Characteristics of Electromechanical Subsystems 
Dynamic models of electromechanical subsystems. Electric torque motors 


can be used in precision movement control systems. The known condition 
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of disregard of feedback according to the emf of the electric motors is 
almost always fulfilled in precision electric drives if there are no 
reduction gears and if there are large moments of inertia of the driving 
devices of the mechanisms [7]. The electric motor can be regarded as an 
electromagnetic moment shaping device, and its moving mechanical parts 
can be regarded as elements of a mechanical subsystem. This is even 
more valid if the electric motor is built into the mechanism. 


There are no principal complexities in development of highly efficient 
DC and AC electric drives with the modern development of semiconductor 
technology and control devices. Selection of the type of electric drive 
is determined as a result of design of the control] system as a whole 
with regard to its characteristic features. The problem of independent 
control of the electromagnetic moment and flux of the motor ordinarily 
arises upon control of DC and AC electric drives. This problem is easy 
to solve due to the design features of electric motors in DC electric 
drives. Electromagnetic subsystems of DC electric drives have been 
thoroughly studied and have been widely illuminated in the technical] 
literature. AC electric drives occupy a different position. Despite 
the large number of papers on AC electric drives, they are considered in 
eontrol systems with regard to surplus parts, which make it development 
of simple algorithms for control and design of electric control systems 
difficult. Advances in this problem, which have been noted during the 
past few years, determine the appearance of prerequisites on the use of 
those methods for design of AC electric drive control systems, which are 
used for IC electric drive control systems. 


If there are no links with distributed parameters in explicit form in a 
multimass flexible mechanical subsystem, which is controlled by 
multimotor electric drives, the mechanical subsystem can be r=spresented 
in the form of many elements with concentrated masses, connected to each 
other by massless flexible couplings. The main motion and osvwillatory 
motions with respect to the main motion will be completed under the 
effect of several input variables of the \VMP. Oscillations of the \MP 
are always attenuating due to the effect of the restoring forces of the 
system; therefore, mathematical description of the \MP should be carried 
out. with regard to these forces. However, this can be done only for 
simple cases or after simplification of the initial model of the system. 
This is explained by the fact that the total mathematical model of the 
VMP may be complicated and access to it in problems of analysis and 
design of coupled control systems essentially becomes impossible. A 
detailed mathematical description of the VMP can initially be compiled 
without regard to damping forces, it can be simplified such that the 
dynamic properties of the system can be rather accurately reflected in 
the given frequency bands of separate subsystems, and the damping forces 
can then be taken into account in the simplified models. 


Systems with distributed parameters can also be reduced to mechanical 
systems with concentrated parameters. 
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The following problems occur during study of VMP: 1) determination of 
the structure of the mechanical model of the VMP that guarantees optimal 
solution of the problem of control of the VEMP at m input and r output 
variables, and 2) analysis and design of a VMP, according to which those 
combinations of inertial stiffness and damping parameters are in the 
design stage, which would guarantee low intensities of the vibrations of 
the mechanism in given frequency bands of separate control subsystems. 


Let us consider the more general version of a VMP, in which the 
individua] elements of the system have several degrees of freedom. The 
differential equations that characterize the free vibrations of this \MP 
can be found from Lagrange equations: 
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Multiplying out equation (5.10) with respect to T and Il results ina 
system of second-order linear homogeneous differential equations 


where q is -he k-vector of generalized coordinates M, C is the 
symmetrical quadratic k « k matrices of the coefficients of inertia and 


stiffness coefficients, respectively (y,; = pji, ¢)j = Cii)- 


The structure of a mechanical model, which can subsequently be used to 
analyze and design the VMP, can be compiled from the differential 
equations found in this manner. 


Substituting the partial solutions into equation (5.11), we find 


— AMq, -+ Cqo = 9, 


where qo is the k-vector of the relative amplitudes of free vibrations 
and 4 = w°,. (Footnote) (Here and further the bar on top denotes the 
relative values) 
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Having rewritten this equation in the form 


(MC — A) q, = 0, (5.12) 


where I is a unit matrix, we can determine vector q; as the eigenvector 
of matrix M”~'C, and we can determine / as its eigenvalues. 


Equation (5.12) can be written for many versions of mechanisms in 
simpler form 








iG — Aljq, =, (5.13) 
where 
Co/Par  Cao/Par- - + Consens 
Coy/Poo — Con/Man- - - Con/Phao 
G = M-'C _ . . . . _ 
Cur Pan Cra Bar Crh: ih 

Cu Cig. . . Che 
Co «C2 Co 
Cu) Choe « « Chr 








The eigenvalues 4;, 42, ..., 4, of matrix G determine the natural 


-_— _ 


vibration frequencies of the mechanical subsystem Byt =p Aye Oye = FAS, 
, On = VA. Solution of equation (5.13) for each of the derived /, 


yields the eigenvectors of matrix G, of important significance in study 
of the dynamics of the Vp, 


The ratio of the relative vibration amplitudes of the elements of a 
mechanical system is illustrated graphically in theoretical mechanics in 
the form of the types of vibrations. However, they do not vield a clear 
answer about the preferred affiliation of the vibration frequency of 
interest to one or another element of the VMP. This information can be 
found if the distribution of the relative values of the potential 


energy, stored in the flexible couplings 77; ,,, — ci (go i — qoir)®, where 
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Riper is the relative value of the potential energy stored in the 


flexible link c,, at 4 = 4,, and qoir and Qojr are the relative 
vibration amplitudes of the i-th and j-th inertial links, is considered 
jointly with the forms of vibration for each #y,. 


One can then establish the affiliation of each vibration frequency to 
elements of the VMP, which is important in problems of design upon 
variation of the inertial stiffness parameters to find given vibration 
frequencies. 


The transfer matrix, which links the output and input variables, must be 
known for mathematical description of the mechanical system in the 
control system. This matrix can be determined either by the equation of 
state or directly by differentia] equations, compiled for the known 
structure of the mechanical model in the form 





I 
Wi(p)= <1 py C adj(pl — A)B 


(5.14) 


The resolvent (pI - A)~! of matrix A can be determined if one writes: 


det (pl! — A) = A(p) = p" + ap™'! +a," +--+ +a,: 
adj (pl — A) = P(p) = Ip’! + Pip es + Pai, 


where A(p) is the characteristic polynomial of the system and P(p) is 
the reduced matrix. 


Coefficients @; and matrices P, are calculated according to the Fadevev- 
Leverier algorithm [75]. 


Having made the substitutions of A(p) and P(p) in expression (5.14), we 
find 


n—! 


W (p) = A*(p) Map 
where M, — CP,B; P, —! 
The transfer matrix W(p) is a polynomial matrix whose elements are 


transfer functions W,,(p) between the .j-th output y, and the s-m input 
Us 
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n—t 


W,,(p) = A" (p) Y CP, Bis), 
i= 


where cf) is the j-th row of matrix C and B is the s-th column of 


[s] 
matrix B. 


The algorithms for calculation of the transfer functions for specific 
numerical values are realized on the computer. 


Matrix A contains coefficients which can be determined from the system 
of equations written on the basis of equations (5.13) with regard to 
additional variables and adopted notations 


Matrix B is determined by the right side of equations (5.13) if they are 
written for induced motions of a specific mechanical system. 
Specifically, if one assumes that the generalized force (considered as 
an input variable) acts on each element of the mechanical system and if 
there are no moments of resistance, matrix B can be written in the 
following form: 








“Wy, = (0 0 
0; 0 0 Mix 0 
B “er rae B,, = — 
0 : B.. 
0 0 .. . Wty, 


Writing the transfer matrices in the form of (5.14) is more general. 
However, this can be done in analytical form only for the simplest 
eases. The calculations for specific numerical values of the elements 
of the matrices of the equation of state must primarily be made and 
transfer matrices with numerical] values of the coefficients must be 
found, which causes difficulties in analysis and design of contro] 
systems with VMP. 


Design of electromechanical subsystems. Problems of design of 
electromagnetic and mechanical subsystems can be formulated separately 
according to the tasks and the general algorithm for design of 
electromechanica! subsystems. 
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The problem of design of an electromagnetic subsystem is formulated from 
the condition of finding the minimum dynamic errors of reproduction of 
control actions. Design of electromagnetic subsystems from this 
condition can most frequently be reduced to design of a controlled 
semiconductor transducer with given bandwidth of the control actions, 
Since it is the constraints on this frequency band that are an obstable 
in realization of control circuits with given frequency bands that 
reproduce the range of contro] actions essentially without distortions. 


The problem of designing flexible multimass mechanical subsystems is 
formulated from the condition of finding the given dynamic 
characteristics of the subsystems in the frequency bands essential for 
motion control systems. 


The problem of design of a \MP is formulated from the results of design 
of electromechanical contro] systems from the condition of finding the 
given bandwidth of the system and, accordingly, of the minimal 
frequencies of elastic vibrations of the \MP. 


The problem of determining the structure of the mechanical model of the 
\VMP and of the inertial stiffness and damping parameters that guarantee 
low intensity of elastic vibrations of the mechanism within given 
frequency bands is solved for the initial design of the mechanism. 
According to this, the design parameters of the mechanism are refined. 


The parameters of the VMP must generally be selected such that the 
spectrum of matrix G is in a given ratio with the bandwidth of the 
control system, while the relative amplitudes of the vibrations assume 
given \alues. It is sufficient during design of VMP to Limit oneself in 
the makeup of the control system to the lower part of the spectrum and 
to consider two-three minimal values /,;, which have the most influence 
on the dynamics of the control system. Assuming that, besides the 
Vibration elements of the elements of the VMP, it can move as a unit 
whole and, accordingly, 4; = 0 and dj» will be the minimal value that 
characterizes the vibration motions of the \MP. The problem of design 
of the VMP will then reduce to synthesis of the values of the inertial 
stiffness parameters, at which: 


eg D Ae san: da D> Mhz: d., D ayhs; | 
Ni Py QP: Cp SCG S. (ij. (5.15) 


where a; and a» are the coefficients of the ratio of the eigenvalues of 
matrix G, and Aosan is the given eigenvalue established according to the 
minimum permissible for the control system of the elastic vibration 


frequency byoa0. °°" FP Dosa Wy. May. Gy. Gy; are the given range of variation 


of the coefficients. 
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Coefficients a; and a» can be selected on the basis of the two following 
conditions. The first condition is: the need to eliminate beating in 
the VMP, which occurs at similar values of the minimum free vibration 
frequencies. The spectrum of matrix G for this case is considered as 
having no bearing on the bandwidth of the control system. The second 


condition is: the need to guarantee the ratios A, > As: Ay Ag: Ay = aA). 


with respect to 4+, at which elastic vibrations at frequency vy,» can be 
compensated by the control devices. 


The problem of design of a VMP according to condition (5.15) can be 
expanded so that, besides synthesis of the given values of /,, the 
values of the relative free vibration amplitudes are also synthesized. 
Specifically, one can set up the condition 


Go jr > 0, (5.16) 


where qo jr is the relative amplitude of the free vibrations of the j-th 
element of the VMP at r-th frequency, which results in partial reduction 
of the zeros and poles of the transfer functions and improves the 
dynamic properties of the properties of the VMP. 


Problems of analysis and design of mechanisms, according to which 
combinations of inertial stiffness parameters that guarantee the 
operation of the mechanism outside the range of resonance vibrations are 
found in the design stage, are cunsidered in machine-building theory 
[56, 68]. A widespread problem of design of mechanisms is that of 
separation of the resonant frequencies of the mechanism from the 
frequencies of the perturbations acting on it. Equations (5.11) fulfill 
the design of the mechanism for this purpose on the basis of variation 
of the coefficients of matrices M and C primarily by search methods in 
different modifications with the use of experiment planning methods and 
dispersion analysis of the natural vibration frequencies for all the 
variable coefficients. A large volume of studies must be carried out to 
obtain reliable information about the parameters to be synthesized from 
dispersion analysis. If one also considers the relative vibration 
amplitudes, besides the natural vibration frequencies, solution of the 
problem of design is complicated considerably. 


Development. of methods that permit direct solution of the problem of 
design and the search for forms of mathematical description of \MP, at 
which the relationships of the values of the natural frequencies and the 
relative amplitudes of free vibrations to the coefficients of 
differential equations are determined directly, becomes timely with 
regard to the foregoing. 


The method of design of a \MP, which is based on transition from 
differential equations (5.11) in generalized coordinates to differential 
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equtions in principal coordinates, is convenient in postulation of the 
above problem [74] 


M*iy + C% = 0, (5.17) 


where "1 /,y,, .... n,]7 is the vector of the principal coordinates, 7 = 


= Q°'q, and Q = Iqojr] is a matrix of the relative vibration amplitudes, 
and M* and C* are diagonal k « k matrices of the reduced coefficients of 
inertia and of the stiffness coefficients. 


This approach is essentially decomposition at the level of the 


mathematical model of the \VMF, since each principal! coordinate performs 
only monoharaonic vibrational motion, described by the equation 


1) = Nw Sin (w, f + A), 


where 7) is the vibration amplitude of the j-th principal «vordinate. 


Since matrices “% and Ct are diagonal, the eigenvalues of the matrix are 


found by the formula ‘4, = (wy. r=! 


The elements of diagonal matrices M* and (* are determined from the 
equations: 


- -. (5.18) 
Hay = > Di Goudean: 

7 
=a >» > - 
Cai | — hee (5.19) 


Moreover, the parameters of the VMP are related to the condition of 
orthogonality of the principal coordinates, which are written in the 
form: 


YD Li doiday =O, Lf lk lef: (5.20) 
i=1lj 1 
pa D cin Gass 0, f, fol, k: L#-/. (5.21) 
terl yell 
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4 mathematical description of the \VMP can be compiled on the basis of 
equations (5.18)-(5.21) for solution of the problem of design by 
conditions (5.15) and (5.16). This can be done in the form of 
normalized equations, having taken as the basic values the coefficients 
of Pe and 6: Turning to the relative coefficients and having made the 


transformations, we find 


t b 
> ) fi;GoirGojr — Wis = 9; 


im tgrt 


, ’ 
>» ) > Ei Goi Goji ~ of = 0; 
ix} j=l 

. 3 — (35.22) 

} Dd ii be 1Gojy = 9; Lfj=,e, | xf: 

G=§ g-=5 

’ : —— 

> ) > C1 GoitGois = 0; i, [= l, k, [#f; 


jel s@l 





WWitedAr — bi = 0: 


pay sS hij Hass 
Cij & Cij S Cui; 
, Rene! 
A, > ee | (5.23) 
h, >a, dpa 1 = 5, : 
Gojr Snaps 








where ¢«; is a small value, distinct from zero and which determines the 
boundary in values qojr upon its approach to zero and which determines 
the significance of the system of equations with respect to qo);- 
Solution of system of nonlinear equations (5.22), which satisfy 
inequalities (5.23), is possible by nonlinear programming methods with 


constraints oriented toward the use of a computer. Having denoted the 
square of the left side of the s-th equation of system (5.22) as 


le. $= 1, and having used the method of penalty functions to solve the 


nonlinear programming problem with constraints [78], let us write the 
specific function in the form 


a" bs 


Fr, = pay les { L ings (5.24) 
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where _ is the penalty function with respect to the g-th variable 


parameter, introduced as a constraint function, and h is the number of 
variable parameters. 


The penalty function for each variable parameter b,, which is the 
coefficient of inertia or stiffness and which has constraints in the 


form of inequalities 6; <b, < bz, can be formed from the condition 


fog =0, at | Ab; — Ab, (k)| < Adj: 


fog = Fuse LAbg (RD, 2£ | Ab; — Ab, (k)| > Ab;, | (5.25) 


where Abs (hk) _ | be (k) — ben |; Ab; _— b, _ ben; be (k) is the value of the 
variable parameter on the k-th variation step, bg « is the mean variable 


parameter, bo = 0,5 (bg + 0.) and — is a weight coefficient. 


The initial vector of variable parameters b,,, 1s determined by given 


VMP, corresponding to the initial design of the mechanism. The design 
algorithm is based on the iteration procedure of maximizing the value of 
Ay within condition (5.15). The specific function FE is minimized at 


each iteration step. Situations may arise at which condition (5.15) is 
not satisfied due to the small boundaries of the \ariable parameters. 
Condition (5.15) then essentially reduces to the condition: 


Ae = Noman’ As > a),: hy D> Aphs: (5.26) 
iy Shay Hy; Chip SCij S Cis 


Otherwise, the design for A with expansion of the boundaries of 


sf 
2 23af 
the variable parameters can be carried oul. The design algorithm of the 
VMP is based on iteration procedures of maximization of 4» up to values 


of \osan with an estimate of sensitivity JAg(k)/ bg (k) and on sequential 


expansion of the boundaries of the parameters by which the estimates of 
sensitivity are maximum. 


The outlined method of design is easily used in design problems of 
multimass mechanical subsystems, contained in electromechanical control 
systems. All the correlations of the variables are clearly determined 
to the maximum extent when it is used and the physical interpretation of 
the intermediate and final results of design is maintained. 

Difficulties of using the method may arise at large size of the VMP due 
to the increase of the number of nonlinear equations. These 
difficulties can be overcome by simplification of a complex VMP. To do 
this, one can use the known methods or, using the description of the VMP 
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in the principal coordinates (as in the problem fo design), it can be 
simplified by solving a system of nonlinear equations of smaller 
dimension with retention of the low spectrum of free vibration 
frequencies. 


5.3. Electromechanical Subsystems Based on Two-Channel Precision 
Electric Drives 


Increase of electric drive accuracy and of their functional capabilities 
by creation of two-channel control. A characteristic feature of image 
stabilization systems is the need to achieve low motion speeds of the 
optical elements with high dynamic accuracies. These motions are 
realized most successfully in two-channel electric drive systems. 


Papers [29, 53, 55, 71] are devoted to study of two-channel motion 
control systems. Precise motions are guaranteed in these systems in 
differential circuits for connection of electric drives with 
combination, iterative, or hierarchical control structure. A 
qualitative survey of two-channel (multichannel!) systems is given in 
[29]. 


Let us consider the operating principies and dynamic models of 
two-channel phase electric drive systems, which form angular and linear 
precision motions of mechanisms. The characteristic feature of these 
systems is that, besides helical gears to form linear displacements, 
different mechanical gears are eliminated in them, in the presence of 
which the accuracy indicators of the drives are considerebly 
deteriorated due to the appearance of elastic vibrations of the gear 
elements. And this results in limitation of the bandwidths of the 
contre! systems. Kinematic errors, studies of which have been 
extens.vely outlined in the technical literature, for example, in [67], 
are reflected in the dynamics of electric drives. The noted factors 
have considerably less manifestation in screw gears. Thus, studies of 
many of the most diverse mechanisms of linear displacements--hydraulic, 
pneumatic, piezoelectric, levers, screw and other hybrid systems--are 
presented in [22]. The greatest accuracies were achieved in a drive 
with a planetary roller screw. 


According to the foregoing, two-channel control can be developed with 
respect to image stabilization systems using combination information 
systems, on the basis of which phase control is achieved. 


Two-channel phase control is achieved in the simplest version when using 
rough and precise channels. The signals can be added both in the moving 
moment (force) formation assembly and directly by the coordinates of 
motion. Specifically, one can use control systems with separation of 
channels by speed through the use of low- and high-frequency filters and 
also level restrictions of signals. (Footnote) (USSR inventor's 
certificate 779,772) These systems can be regarded as quasi-autonomous 
in study of the dynamics. Design of systems according to integrated 
quadratic criteria of quality essentially reduces to design of a precise 
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channel, while the course channel is regarded as a source of 
perturbations for the precise channel. Ball-and-screw gears together 
with piezoelectric transducers or electromechanical transducers are used 
as the coordinate summation assemblies of the electric drive system. 


A different principle of crganizing phase systems is used when 
two-channel connection of electric drives is carried out with given 
initial rotational frequency--the carrier frequency ¢:. (Footnote) 
(USSR inventor’s certificate 635,587, USSR inventor’s certificate 
1,035,762) Both channels of this system are precision. Selection of 
frequency «s is determined by the characteristics of the information 
channels ari drives and guarantees minimal dynamic errors in control of 
the output coordinate. Variations of ¢: essentially correspond to 
variation of the noise spectra of the information system and of load 
perturbations in the master channel. The values of -.- are determined 
upon dynamic design of the contro] system together with other parameters 
that guarantee that diven accuracy will be reached. 
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Figure 5.3. Functional Diagram of Two-Channel 
Electric Drive for Angular Displacements 


KEY: 
\ngle-data transmitter 7 Position regulator 
2. Reference frequency 8. Analox keys 
generator 9. Current converte! 
3. To phase discriminator 10. Frequency discriminator 
1. From reference frequency 11. Correction module 
generator 2. Nonlinear logic module 
5. Code-frequency converter 13. Code-frequency converter 


6. Phase discriminator 


Two-channel control of precision angular and linear motions of actuating 
devices. \ two-channel electric drive for angular precision motions is 
made by using DC or \C motors. This is of no principal significance for 
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development of an object motion control system. The difference is only 
in the structure of the electromagnet'c circuits of the separate control 
ssstems. The structure of the mechanical part is made so that the rotor 
of one engine, the stator of which, making free motions in additional 
supports, is connected to the mechanism, is rigidly connected to the 
rotor of the other engine, the stator of which is connected to the base 
(Figure 5.3). The electric motors are controlled so that one of them 
operates in the motor mode while the other operates in the braking mode 
(in the recuperative braking mode). The mathematical description of the 
operating modes of electric motors is established directly [from the 
equation of the balance of power. The system of equations of dynamics 
is written in the following form for this two-motor electric drive as a 
control object: 
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Here we have for electric motors Ml and M2, respectively: i); and i;9 
are currents that determine the electromagnetic moments, Me} and ‘eo are 


moments of resistance, e, and e: are electromotive forces of control 
transducers, Ley and Ly are inductances, R; and R» are the active 


2 
resistance, Cn and Cao are DC electric motors, /,,. J... 4... J, are 
moments of inertia of the armatures, free stator, and mechanism, and 
Joy tides Jeu and Jey + Iu Jes 
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The positive feature of the considered system is that the mechanism can 
move smoothly even at superlow speeds #2 due to the fact that the inner 
races of the bearing seats will rotate at given frequency vo, at which 
the nonlinearities of dry friction inherent to low-speed mechanical 
systems will be manifested in the seats. The Complexity in measuring 
the low speeds of precision motions of the mechanism is overcome by 
measuring the individual current values of angular displacements ¥) and 
the sum of displacements »; + pz. This is achieved by using a 
combination angle-data transmitter, which permits one to check the low 


rotational frequencies #2 (up to zero values). (Footnote) (USSR 
inventor’s certificate 635,587) 


Development of a two-channel control system is based on the use of 
separate phase contro] systems with variable Structure. Cross-coupl ings 
through the correction modules BK1 and BK2 of the contro} system, 
determined by the developed principle of its Organization, appear in 
addition to the natural cross feedback of the electric drive system 
(Figure 5.3). A two-channel electric drive With mechanism Mx can be 
controlled on the principle of subordinate contro]. [sing high-speed 
current regulation circuits i,; and i; with pulse width converters at 
frequency of 10-15 kHz, one can consider that the closed current contro! 
circuits are inertialless and one can take them into account in the form 
of coefficients k; and k2 of current transducers Py, and Pro. 


The phase systems contain angle-data transmitters Di] and DU2, phase 
Giscriminators FD1 and FD2, position regulators RP] and RPp2, frequency 
discriminators ChD1 and ChD2, nonlinear logic modules NLB] and NLB2, 
code-frequency converters PKCh1 and PKCh2, and analog keys AK] and Ak2, 
which switch the control channel structures from frequency 
discriminators to phase discriminators. The source of the reference 
frequency is a reference frequency generator GECh. The master signal 
for the control system is delivered in the form of a4 code \ 


f2. 


Let us consider the possibility of controlling a two-motor electric 
drive without resorting to cross correcting Couplings with PID position 
regulators in separate systems, which corresponds to contro] of the 


vector of state for an expanded object provided there is quasi-autonomy 
of separate systems. 


Having written the equations of a closed system in the form: 


x= Ax+By+Df, y=Cx 


and going to the equation with transfer matrices, we find the equation 
with respect to the output, master and perturbing coordinates 
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where W, (p), Ws, (p) are transfer functions of closed separate systems, 


considered as autonomous, W;(p) and Wo(p) are transfer functions of 
parts of open separate systems from the input to the point of 


application of the perturbations, and Wp) — Wy, (Pd Wy, (PWT (—P) Je-p’ 


Let us find the following relations for the first and second transfer 
matrices, respectively, of equation (5.27) to determine the conditions 
of diagonal] dominance of the transfer matrices of the control system: 
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It follows from analysis of the first two relations that: 1) the 
independence of coordinate +; on y2 is possible provided that Jy, > Jyo 


or “oy vy 9 but the first inequality in precision systems is realized 


by an artificial increase of Jyye while the second results in the need 


to coarsen the second separate system, which contradicts the purposes of 
precision control of the mechanism; 2) the independence of coordinate >» 
on g; may not be realized by the parametric method due to the adopted 
method of developing the structure of the second separate system. 


One can make similar conclusions on the basis of analyzing the second 
two relations. Thus, the condition of decomposition of separate systems 
may not be guaranteed purely parametrically in a closed system. 


The presence of correlations results in an increase of the dynamic 
errors and of the vibration in the system, dependent on the ratio of the 
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total moments of inertia Jy, and Jyo and the speed of the control 
channels. 























/ 

/ 

‘ ~ 180 
| 

| o ovo! - 200} 
il _— | ave! 
| b—-—-—A v-§ 











Figure 5.4. Root Hodograph of Two-Channel Control System 


The foregoing is illustrated by a root hodograph (Figure 5.4), plotted 
for the roots of the characteristic polynomial of a two-channel control 


system for different values of relative cutoff frequency v, = “o1/“c2 
(frequencies “6} and “oo correspond to separate systems, considered as 
autonomous) and of the relative coefficients of inertia Ky = Jy, /%g0- 


The hodograph is calculated according to the normalized signal graph of 
the control system (Figure 5.5). The notations of the transfer 
functions in Figure 5.5 correspond to the functional diagram presented 
in Figure 5.3. The hodograph reflects the motion of roots having 
minimal values and having the greatest influence on the dynamics of the 
system. The dependence of the mean square estimates of deviations of 


bial a on coefficient kK at stepped changes of 
(vy; + v2), and Meo! calculated in the form of ratios to similar errors 


coordinates 


in the second separate system provided it is autonomous, corresponding 
to this hodograph, is shown in Figure 5.6, a and b. 
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Figure 5.5. Normalized Signal Graph of Two-Channel 
Control System 


The given furctions permit one to obtain estimates of the dynamic 
characteristics of a two-channel control system for specific values of 
the parameters of separate systems. 


















































Figure 5.6. Dependence of Mean Square Estimates of 
Deviations of Coordinates of Two-Channel System: 
a--for master action; b--for perturbing action 


Correcting cross couplings can be used to expand the bandwidth of the 
second separate system according to the characteristic features of 
developing the control system. Having written the transfer matrices of 
a closed system with regard to transfer functions We, (P) and Weo(P) of 


these couplings and having assumed that the elements equal to zero are 
nondiagonal, the form and values of We, {P) and Wo (P) are determined. 


The cross-couplings have single coefficients, i.e., We, (P) = Weo(P) =i, 


if the transfer coefficients of the phase discriminators and current 
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sensors are equal. 


by high-frequency filters W, (p) 


Technically, these correcting couplings are formed 


tp/itp 4 1). where t-¢ wr & wo. from 


the output of the phase discriminator of the first channel to the input 
of the position regulator of the second channel] and from the output of 
the current converter of the second channel to the input of the current 


converter of the first channel. 


Design of a such a two-channel system 


reduces to design of quasi-autonomous separate phase systems. 


Enhanced sensitivity of the systems to variations of the parameters of 
cross couplings is observed when using cross correcting couplings in 
correlated control systems, it is important to determine the functions 


of relative sensitivities: 


a, 4 
S, is "aha (p) = 

u +7, 
Wy Mh. _ 
Su, *(p) = 


Spit" (p) = 


where 


coordinate 2 to coordinates (p; + 2)3 and 


These sensitivity functions for v 
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are transfer functions that link 


Meo: We, (WitGs), (p. q), Wo Mes (p, q) 


= 1 and ky = 0.1, calculated by the 


normalized graph of the system on a computer system, are shown in Figure 


5.7. It follows from analysis of 


the functions that the system is more 


sensitive to variation of the cross-coupling parameters for transfer 


functions according to a given effect. 


adopted to reduce the sensitivity 
intensity of measurement noise is 
perturbing actions. 
considered system is invariant to 
parameters, is effective. 


Accordingly, measures must be 
for precision systems, in which the 
significant compared to that of the 


The use of adaptive control, at which the 


variation of the cross-coupling 


A two-channel electric drive control system for linear displacements can 
be made similar to a two-channel electric drive system for angular 


displacements (Figure 5.8). 


this system perform joint rotation. 


The screw and nut of a screw gear (VP) of 


Linear perturbations of the 


mechanism are determined by the difference of the rotational frequencies 


of the electric motors and by coefficient Kan = 
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Figure 5.7. Function of Relative 
Sensitivity of System 




















Figure 5.8. Functional Diagram of Two-Channel Electric 
Drive for Linear Displacements 


KEY: 
1. Angle-data transmitter 7. Phase discriminator 
2. Screw gear 8. Position regulator 
3. Not further identified 9. Analog key 
4. Reference frequency 10. Current converter 
generator 11. Frequency discriminator 
5. To phase discriminator 12. Nonlinear logic module 
6. Code-frequency converter 13. From reference frequency 
generator 


An electric drive control system is made in the form of two separate 
phase systems, containing internal current control circuits (current 
converters). Without dwelling on analysis of the transfer matrices of 
the equations of dynamics of a closed system, we note that the diagonal 
dominance of the matrices is guaranteed provided that 
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7,,J,, |"! t We nas (jer) (h + W nas (joy ¥ 1. 


And this condition is guaranteed at ratios Jy < Jay and J, < Jago" which 
are almost always fulfilled in electric drives with screw gear due to 
the large values of their transfer coefficients Kon’ Design of such a 


two-channel system reduces to design of quasi-autonomous separate phase 


systems. Known methods, for example, presented in [7] can be used for 
this. 
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“hapter 6. Automatic Image Stabilization Systems 


6.1. Design Principles of Automatic Image Stabilization Systems for 
Information on Spatial Displacements of Moving Bases 


General characteristic of displacement control devices of optical 
elements for image stabilization. Two variants of controlling the 
displacements of optical system components in inertial space are 
encountered in image stabilization problems: stabilization of these 
components or displacement with respect to fixed axes according to a 
given law. 


z| 
104 








Figure 6.1. Layout of Three-Axis Gimbal Suspension 
of Stabilized Platform 


The simplest method of solving the problem of stabilization is 
attachment of the entire optical instrument to a three-axis stabilized 
platform. A three-axis suspension of a platform is shown in Figure 6.1, 
while the order of rotation of the axes of the platform with respect to 
a fixed coordinate system is shown in Figure 6.2. 


Projections of the angular velocities onto the axes of the platform can 
be found from the expressions: 


4 ny— i 
§ = ey (2, sin £2, cos y); (6.1) 


0 = —?, cosy — 02, sin 7: 
(= —O, sinyigd — 2, +2, cosy tg e, 
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where ,. fly, and fl, are projections of the angular velocity »{ the base 
onto the axes of fixed coordinate system Of#(, i.e., onto th. axes of 
the platform, and ¢, 9, and 7 are the yaw, pitch, and bank angles of the 
base. 


Expressions (6.1) degenerate at small angles of deflection of the base 


¢= —Q,: | 
9 = —.: 
y= —Q,. 


{6.2) 





It is obvious that the design of the suspension is complicated 
considerably and the overall dimensions and mass of the device increase 
at significant dimensions of the optical instrument. 








Figure 6.2. Coordinate System of Platform 


Image stabilization systems based on spatial orientation of entire 
instrument or of its individual components. The arrangement of an 
optical instrument on a platform, stabilized in inertial space (SP), is 
the most radical means of image stabilization. Stabilization systems 
are distinguished from each other in this case by the design version of 
the suspension, by the characteristics of arrangement of the sensors and 
by organization of the control channels. Let us consider the genera! 
design principles of these systems, using as an example a control system 
with three-axis gyro. copic sensors. 


Drives M1, M2, and M3 are mounted on the suspension axes to disp/ace or 
stabilize the outer (NK) and inner (VK) races in space (Figure 6.3). 
The control signals are fed to the drives from ayrosensors Gl and G2. 
The suspension axes of the gyrosensors are rationally oriented parallel 
to the axes of the stabilized platform (Figure 6.3). The signals from 
the angle-—data transmitters of the gyroscope DUG] and DUG3 of gyroscope 
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Gl can be used without preliminary conversion as the master signals to 
the inputs of control modules BU] and BU2. Two position follow-up 
systems are formed in the space of the suspension races NK and VK of the 
stabilized platform with angle-data transmitters DU! ar<i DU3 in the 
feedback . 


If gyroscope G2 is mounted on a base, the signal from the output of 
angle-—deta transmitter DUG2 should be converted in the coordinate 
converter Ph according to expressions (6.1). 











Figure 6.3. Layou’ of Three-Axis Gyro-Stabilized Platform 


Inertial space-stabi lized 


vu! 


1. Angle-data sensor of 


gyroscope platform 
2. Control module 6. Drive 
3. Outer race 7. Inner race 
4. Gyroscope 8. Coordinate converter 


The ¢ignal from the output of the coordinate converter is used as a 
master to the control system of the third axis of the platform, formed 
by control module BU3, angle-data transmitter DU2, and by motor M2. The 
output signals of the gvrosystems mounted on the moving base for other 
purposes (for example, for control or orientation of the base), can be 
used instead of specially mounted gyro units. This circumstance 
simplifies considerebly the device as a whole. 


Obvious disadvantages of these stabilized platforms are the large 
overall] dimensions and mass of the device. Moreover, it is difficult to 
provide sufficiently hjgh stiffness of the structural elements of the 
suspensiori (especially with large dimensions of the optical instrument), 


211 








which reduces the accuracy capabilities of the drives. The dynamic 
range of the permissible input signals of the gyro units should exceed 
that of the possibile variations of the displacement parameters of the 
base in the case under consideration. Under these conditions, the 
accuracy of the gyro units and of the device is comparatively low. 
Mounting the gyro units directly on the stabilized platform permits one 
to eliminate this deficiency. The range of the deflection angle of the 
sensitive element of the gyro units in this design may not exceed 
several degrees. Most classical gyro stabilizers (power and indicating) 
are designed in this manner. An extensive special literature, for 
example, [10, 63], is devoted to analysis and design of these 
instruments. Some characteristic features of using gyro stabilizers in 
image stabilization systems will be considered below. 


The mass and size characteristics of an optical instrument with 
stabilized image field .an be improved considerably, if one or several 
image shift compensators are used. These compensators can be designed 
on the basis of a one-axis gyro stabilizer. The sensitive element can 
be mounted on a moving element of the compensator, if this element is 
stabilized in space. 





Figure 6.4. Layout of One-Axis Gyro-Stabilized Platform 


KEY: 
1. Compensator assembly 4. Relief motor 
2. Motor 5. Angle-data transmitter of 
3. Angle-data transmitterilized gyroscope 


6. Control module 


The moving element of the compensator should sometimes be displaced in 
space according to a specific law (for example, for reflecting 
compensators) This displacement can be easily realized in the design 
shown in Figure 6.4. The stabilized element is the stator of angle-data 
transmitter DU1 on the axis of the moving element of the compensator. 
The comparative = wllness of the moment of inertia of the stabilized 
assembly permits one to achieve high stabilization accuracies in the 
circuit, formed by the gyroscopic angle-data transmitter DUG1, control 
module BUI and relief motor MG. The motion «. the moving assembly of 


212 








the compensator assembly UK in inertial space will be fully determined 
by being given signal v, to the control circuit, which includes DUI, 


contro] module BU2, and electric motor M1. 


Let us consider versions of realizing this system. A functional diagram 
of the stabilization system for one axis is presented in Figure 6.5. 
Electric motors Ml and M2 set into rotation the rotors of pulsed angular 
misalignment photosensors ID] and ID2. The stators of ID! are attached 
to the base and to the gyro-stabilized platform (GSP). The stators of 
ID2 are attached to the GSP and to the stabilized element (SE). The 
gyro-stabilized platform has power drive along the stabilization axis 
from electric motor M3, while the stabilized element has power drive 
from electric motor M4. The power drive of the GSP is controlled from 
gyroscope GP through control module BUS. 





4) 























Figure 6.5. Functional Diagram of Position Control 
System of Element to be Stabilized 


Control module 
Frequency divider 
Electric motor 
Pulsed photosensor 


Gyro-stabilized platform 
Element to be stabilized 
Gyroscope 


awn — 
snw 


The reference frequency f, in modules BUl and BU2 is compared to signal 


frequencies f;,; and f>; from the stators of sensors IDI and ID2 and 
signals are generated to contro! electric motors Ml and M2. Electric 
motor M4 is controlled from moduie BU4 from the results of comparing the 
signa! frequencies f;> and [s.. Frequency dividers D! and D2 are also 
included in the drive structure. 


Let us denote the absolute angular velocities of the rotors of IDI and 
ID2 by {) and fly, respectively. The signals of the sensors will then 
have the frequencies: 
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lu= k,Q,; his —k, (Q, 4 Q..): 


fay = 2,23: fog = BR, (2, + 02. .). 


where k; and ke are the transfer coefficients of the pulse sensors, a, 
is the absolute angular velocity of the base, and a. P is the absolute 
angular velocity of the element to be stabilized. 


It follows from these relations: 


| | 
Qe. = 4 — y= a — fa 6.4) 


2, = 3A —2,= = hu — fu). 





Let it be required to maintain a specific ratio between velocities 
0). , = af,, (6.4) 
where a is a constant value. 
One can write from expressions (6.3) and (6.4): 
b, 
le —fu =a Ms — fu). 
Let us denote &, = ak,/p,, and then 


Ral is Tae = Raha — fe. 


According to the functional diagram (Figure 6.5) with operating 
frequency stabilization circuits f;; and f2;, one can write 


has _ heats = kJ, 


where f, is the reference frequency and k the transfer coefficient 


i: 
A 
of frequency divider Dl. 
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The electric motor M4 should be controlled so as to mintain the ratio 


fo2 = kf i2- To do this, the transfer coefficient of frequency divider 


D2 should also be made equal to Kk. The control system, designed 


according to Figure 6.5. permits one to establish any ratio between the 
speeds of the gyro-stabilized platform and the element to be stabilized, 


i.e., to formulate a = 2, ,/2, = &aki/*%: by the appropriate selection of 


ka 


The condition n. » 7 0 should be provided to stabilize the SE in space. 


If the gyro-stabilized platform keeps its position in space unchanged, 
the closed circuit through BU] becomes unnecessary. One should 
guarantee fo. = f+; according to expression (6.3), which can be realized 
by feeding these signals to the inputs of BUI. 


It is obvious that this device can also be used to realize displacem nts 
of the element to be stabilized in space according to a diven program. 
If the rate of this displacement should he kept constant, it is 
sufficient to select the corresponding value of addition to « signal 
with frequency f22. Maintaining a specific ratio of velocities i and 
a. 9’ one can achieve values k;, k> and ks by the appropriate selection. 
The input signal of the gyroscope (if there is a torque sensor along the 
precession axis) can also be used as a channel for controlling the 
position of the element to be stabilized. A disadvantage of the device, 
a functional diagram of which is shown in Figure 6.5, is the requirement 
of coaxial] arrangeme:' of all the drives, which increases the dimensions 
and complicates the design. The drive of the gyro-stabilized platform 
and the drive of the element to be stabilized are structurally divided 
inte two identical assemblies, which can be placed independently of each 
other provided that the parallelism of the rotational axes is 
maintained, in a device whose functional diagram is shown in Figure 6.6. 
The notations in Figure 6.6 are the same as in Figure 6.5. 


The following relations are valid for this system: 


fay m= (Q2y QLD Aa: fon = (2a + €).,) Ry: 
fy =k: fa (Gy + We. ») Re- 


Hence, one can write: 





? 


/ fy: +/ 
Lo -3°2. 
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Figure 6.6. Functional Diagram of Variant of 
Design Version of Position Control System of 
Element To Be Stabilized 


KEY : 
1. Control module 4. Frequency divider 
2. Electric motor 5. Gyro-stabilized platform 
3. Gyroscope 6. Element to be stabilized 


If the ratio a. 9? all, must be maintained, we find from the last 
expressions 


Vu — fu) (a — 1) = fos — fnr- 


f(a — I) tha =f EC — 1) + fay. 


Thus, the transfer coefficients of frequency dividers Dl and D2 (see 
Figure 6.5) should be 


k= = (a — I). 


(6.5) 
The drives should guarantee the ratio: 
In Raf ys: | 
la= ; Rad sy. (6.6) 
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The minus sign denotes that the rotors of sensors IDI and ID2 should 
rotate in opposite directions. 


One should find a. 9 = © to stabilize the SE in space, which is possible 


at a = 0. 


Having used expression (6.5), we find kK, = -k>/k; at a = O. 


The most frequently encountered problem of image stabilization using 
moving reflecting elements is that of guaranteeing the relation a = 0.5. 


_ 7 69(2) 
— 




















Figure 6.7. Layout of One-Axis Indicating 
Gyro Stabilizer 


KEY: 
1. Sensitive element 3. Reduction gear 
2. Control module 4. Electric motor 


It is obvious that Ka = -0.5 at kj = ko. The drives should provide the 


following relations according to expressions (6.6): 


fox = O5frgs fee = 95/4. 


This condition is easy to realize in practice. 


Gyro stabilizers in image stabilization systems. One of the main 
components of an image stabilization system is the gyro stabilizer (GS), 
on which the optical circuit of the instrument or the entire optical 
instrument is mounted. The instrument should be mounted on a three-avis 
gyro stabilizer for total stabilization of the image, but a two-axis 
gyro stabilizer or a one-axis gyro stabilizer is used in most cases. 
Moreover, a multiaxial gyro stabilizer can be formally represented as a 
set of one-axis gyro stabilizers, mounted on different axes, at «mall 
stabilization errors. Most attention is devoted in [10] to a one-axis 
gyro stabilizer, and the derived expressions are then applicable to more 
complicated cases with regard to their characteristic features. 
Diagrams of a one-axis power-type indicating gyro stabilizer are 
presented in Figures 6.7 and 6.8. 
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Figure 6.8. Diagram of One-Axis Power-Type 
Gyro Stabilizer 


KEY: 
1. Angle-data transmitter 4. Reduction gear 
2. Control module 5. Electric motor 
3. Gyro motor 


The difference between these two layouts of the gyro stabilizer is that 
the gyroscope not only performs the role of sensitive element (ChE) of 
misalignment of the platform to be stabilized, but also prevents this 
misalignment due Lo a significant gyroscopic moment in the case of a 
power gyro stabilizer. A drive containing an electric motor M and 
reduction gear R, mounted on the stabilization axis, is used to reduce 
the effects of the perturbing moments on the gyroscope and plays an 
auxiliary role. 


The gyroscopic moment in indicating gyro stabilizers is either 
altogether absent or has a negligible value as a function of the type of 
sensitive element to be used. Let us consider the equations of a 
one-axis power gyro stabilizer with gyro motor (G4), presented in [10]: 





Ja + Hf + big = OM gy + n\n +(—1V14,¢ t by Go: 
1p — HG, = Ay, (6.7) 


where Je=Jgt+J, is the moment of inertia of the moving parts, 


reduced to the stabilization axis, J, is the moment of inertia of the 


armature of the relief electric motor, Jy is the moment of inertia of 


the platform to be stabilized, n is the gear ratio of the reducer, i is 
the number of axes in the reducer, including the axes of the platform 
and motor, J. is the moment of inertia of the gyroscope about the axis 


of the inner gimbal, ?n is the angle of rotation of the platform about 
the stabilization axis, ’o 
the stabilization axis, ¢ is the angle of rotation of the gyroscope 


about the precession axis, H. is the moment of momentum of the 


gyroscope, b,, = bn" 4. b is the equivalent viscous friction 
1 


is the angle of rotation of the base about 
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coefficient, b; is the coefficient of frictional forces along the 
stabilization axis, b, is the viscous friction coefficient on the axis 
of the electric motor armature, Map is the moment of the electric motor, 
and mM. is the correcting moment applied to the precession axis of the 


gyroscope. 
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Figure 6.9. Biock Diagram of One-Axis Gyro Stabilizer 


Let a DC electric motor, controlled in a system with subordinate 
feedback with respect to armature current, be used as the electric 
motor. The current regulation circuit includes: a current regulator 
with transfer function W. _.(p), power amplifier with transfer function 


p.T 


Wy yiP)» current sensor of the armature with gear ratio Ky r and 


transfer function of armature circuit W. y(P): A master signal is fed 
from the regulator with transfer function WP) to the input of the 


current circuit (Figure 6.9). The block diagram of a one-axis 
stabilizer can thus be shown, according to expressions (6.7), in the 
form presented in Figure 6.9. The following notations are introduced in 
this figure: ky y is the gear ratio of the rotational angle-data 


transmitter § of the gyroscope, cy is the constant of the electric 


motor, and be is the viscous friction coefficient on the precession 
axis. 


If the speed of the current circuit is sufficiently high, there is no 
relationship with respect to the counter-emf of the electric motor and 
the block diagram can be converted to the form shown in Figure 6.10. 


The following is denoted in Figure 6.10: W.(p) = &/Tip 41) is the 


transfer function fo the gyroscope with respect to the measuring 
channel, where ke = H,./b2 is the transfer coefficient of the gyroscope, 
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T. = J./b2 is the time constant of the gyroscope, W, (p) = Rg. sa * 


X— Wy (p) Des (p)ek,W,, (pyfp, MhETE hy = ba. yMa/ha. si PnP) —= W, (phy, M4 
+ W,(p)] is the transfer function of a closed current circuit, and 


W,(p) = Wye (P) Wyn (P) Wan (p) is the transfer function of an open 
current circuit, and We(p) — pJ,,, In +(!)‘] is the transfer function 


of running-in. 


fs 




















Figure 6.10. Transformed Block Diagram of 
One-Axis Gyro Stabilizer 
One can write for a circuit which includes transfer functions H,W,(p) + 0» 
and 1/Jyp: 


(,(p) = , ~ 
i {p) JP) + (AW, (p) 4+ 6 ,)/F sp] 





Typ +1 


The 
Is, + 5) Te" + RTP +1) 





. tz!s a J xby + JD, 
(4; + 6,b,) 2/ Jy), —(H? + 0,6,) 








Accordingly, we have at b;bo € H? 


~ Tp + ‘ 
D, (p) © SH Te + RTP FN) 
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The derived transfer function determines the operation of the gyroscope 
without a relief drive. It is obvious that if H.W,(p) € Jyp, then 





Pi (P)* Fp, Fy) 


Thus, if the reduced moment of inertia of the platform satisfies the 
expression . « bj bs, one can disregard the stabilizing influence of 


the gyroscopic moment of the gyroscope in the low-frequency range. The 
gyroscope plays the role of only the sensitive element, which measures 
the angular deviations of the stabilized platform in space, which 
corresponds to indicating stabilization. 


Let us now consider the operation of a circuit formed by the relief 
motor (Figure 6.10), i.e., the influence of transfer function 
W; (p)W.(p). The transfer function of an open circuit can be written in 


the form 


W*(p) = 9, (p) W, (p) W,.(p) = ; “hit 9 () 
p(b, + He b.) (T°p- 4- 27, +1) 0 





We find at b,bo € H? 


K*W , (p) 


W 0) = sR Tra)’ 





where k* = kek,/H? 


The cut-off frequenc) “op must be selected from the condition “cp < 


<i — §*. to eliminate the autooscillations of the gyro stabilizer. 
This condition imposes constraints on the possible speed of the gyro 


stabilizer and, accordingly, on its accuracy capabilities. The transfer 
function of a closed relief circuit can be represented in the form 


M2 (p) — DP, (p) PE (p), where PE (p) - Wl 4. We op) 


Hence, we have 


W (p) = GalP) Oo(P) = (Woe lp) b byl Paty 
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Me must guarantee the condition: (1/7) >w,, >(I/T,) for & power gyro 
stabilizer and (1/7) < (!/T,)} <@-» for an indicating gyro stabilizer. 


It follows from the transfer functions that a gyro stabilizer of any 
type effectively suppresses low frequencies. Moreover, the filtering 
properties of the gyro stabilizer do not vary for both a power and 
indicating gyro stabilizer at frequencies that exceed 1/T at 
proportional regulator. An increase of the astatism of the relief 
circuit of an indicating gyro stabilizer permits one to improve its 
filtering properties at low frequencies to frequency “cp’ At high 


frequencies, v >} 1/T and w > #.. and one can write $.(p) = $,(p) for the 








cp 

transfer function accroding to the angular motion speed of the base; 
therefore, 

W (p) = Wee (p) (p) - Jap iep + 02) = 

p oo (P) 1(p ve bbb.) IT i 2tT p ; 1) Jy 
Figure 6.11. Kinematic Layout of AFA 
KEY : 
1. Gyro tachometer 3. Angle-data transmitter 


2. Photodetector 


If a reducerless drive is mounted along the stabilization axis, then 
W.c(p) = b,; and Wp) =b/Jyp at high frequencies. 


Thus, the capability of the gyro stabilizer to filter high frequencies 
is independent of its type and is determined only by the design of the 
relief drive with respect to the stabilization axis. An important 

factor for image stabilization is the filtering capability of the gyro 
stabilizer at frequencies that exceed is 22/ T)' therefore, one should 


provide T > rs for the power version of a gyro stabilizer and 46 > “5 


P 


for the indicating version of the gyro stabilizer. Jn this case, a 
reducerless relief drive is preferable, since it permits one to avoid 
the effect of vibrations. 
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Example of design of image stabilization system. Different versions of 
using mirror reflectors to design image stabilization systems were 
considered in Chapter 3. Let us consider he design of the image 
stabilization system of an AFA, based on the diagram presented in Figure 
3.8. 


The formulas that describe the displacements of the image in this AFA 
can be found from expressions (1.70). The photodetector is displaced in 
space at angular rate “9° The projections of this rate onto the axes of 


the instrument are equal to: Wr = @xy; py = Wyy: Oy, = @,,, 4 G, 


Rotation of the mirror by angle 4; (see Figure 3.8) results in 
corresponding variation of the angle of incidence of the ray on the 
mirror. If displacement of only the central ray is analyzed, one can 
assume that a, = 0 in equations (1.70). Variation of the distance Hy to 


the object of photography can be taken into account due to the 
corresponding correction of the parameters of vector ‘n° 


We find for projections of the angular rate of displacement of the 
image: 


One = — Wyn COS 22 + (,, -+- ,) Sin 2a; 
On, = 2a, + Oyu: 


py = Oey SIN 2a, -} (tg, + 2a,) cos* a, 


One can find from these expressions the algorithm for compensation of 
image displacement from the condition @,, ~ @s, = ,- 0. Gyroscopes 


(usually gyro tachometers) can be used as the data sensor on 
displacements of elements of the optical system of the AFA for technical 
realization of this algorithm. One of them GTl (Figure 6.11) should be 
mounted on the outer gimbal of a mirror and the axis of sensitivity of 
the gyroscope should be parallel to the rotational axis of this gimbal. 
The second gyroscope GT2 is mounted through a reducer with transfer 
coefficient 2 such that the axis of sensitivity of this gyroscope is 
parallel to the rotational axis of the mirror in the gimbal by angle 1. 
The third gyroscope GT3 is attached to the gimbal so that the axis of 
sensitivity is perpendicular to those of gyroscopes GT] and GT2. 


There will be the following signals at the outputs of the gyroscopes: 
Wry Wen | ay: 


O19 = 2a, } Wyn: 


4 = rn: 


223 








One can subsequently assume that the instrument axes Oxy nZn are related 


to the outer gimbal of the mirror and are rotated by angle a, together 
with it. The motion of the mirror by ang:> 4) is used for image 
stabilization during a comparatively short time interval, equal to the 
exposure time of the film. Thus, angle a, hardly differs from the 


nominal value. We assume that a, - 45° ; Aa.. where de» € 45°. 
One can write the approximate equalities 


sin 2a, 1--2Aa3; cos2a,z 2Aa;; 
sin? a, = (1/2) — Aa,: cos* a, ~ (1/2) 4 Aa, 


Using these equalities, one can find the following relations for the 
angular displacements of the output central ray with respect to the 
photodetector: 


Wag = (Wg, + A) - + ZAG, [Og — AAs (y_ + 2;)); 
py = Wag + 2a,: 


wa, = (W.» . a;) + 2Aa, (a, _ Aa. — @ on). 


Having substituted the expressions for the gyroscope signals into these 
equations, we find 


oe = @,; (1 — 2Aas) + 2Aaw,s; 


Way = Wye! 


Ms = On (l= 2Aas) — 2Aa, ;. 


The image will thus be stabilized provided that: 


(ry (| _ 2Aa;) } JAa “,, = {): 


Vp. {): 


ws (1 — 2Aas) — 2Aam,, — 0 
A simplified algorithm can be found at Jao = 0 in the following forn: 


= 0; = 0; w, = 0 
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Figure 6.12. Functional Diagram of Image Stabilization 
System of AFA (Version IT) 


KEY : 
1. Electric motor 5. Control module 
2. Photodetector 6. Multiplier 
3. Angle-data transmitter 7. Nonlinear converter 
4. Gyroscope 


To compensate for displacement due to flight speed “ny? the vector of 
Which can be directed along axis OZ. angular displacement should be 
accomplished along the mirror axis at angular rate 


dy = —/" (vy//1,) COS a, Cos Ady. 


This condition can be realized if the drive control system according to 
the indicated rotational axis maintains the following ratio at the 


moment of exposure 
Oi = ~- Qf" (v,/H,) cos a, cos Ady. 


A more accurate image stabilization algorithm can be realized if an 
angle-data transmitter DU is attached to the axis on which the gyroscope 
GT2 is mounted (Figure 6.11). We find a signal corresponding to angle 
u, = 2\@ at the output of this transmitter. 
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The stabilization algorithm thus essumes the form: 


| @gt, = 0; 
@,_ = — 2! (v,/H..) cosa, cos Aa,: 


The functional diagram of the image stabilization system, which realizes 
this algorithm, is presented in Figure 6.12. Electric motors Ml, M2, 
and M3 are controlled from the corresponding control modules BUI, BU2 
and BU3. Signals are fed from gyroscopes GT!, GT2, and GT3 to the 
inputs of the control modules. Moreover, a signal is fed from the 
nonlinear converter (NP) to the input of module BT2. The nonlinear 


converter calculates the master signal to the control module BUZ ‘5 = 


= 2/° (v,/H.) cosa, x cos Aa@2 according to information about the value of 
Vn/Ho and according to the value of @; and \ao, measured by angle-data 


transmitters DU] and DU2Z. Multipliers MU1 and MU2 are used to form the 
control signals of module BU] and BU3. 


























Figure 6.13. Functional Diagram of Image 
Stabilization System of AFA (Version IT) 


KEY: 

Adder 

Gyro tachometer 
Angle-data transmitter 
Control module 


Photodetector 
Electric motor 
Initial orientation 


& WwW WO 
ow 


The photodetector may not be mechanically connected to the mirror from 
simplification and lightening of the design of the AFA. In this case 
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the photodetector should be a separate drive, the master to which is fed 
from angle-data transmitter @,, mounted on the outer axis of the gimbal 
suspension. A diagram of this AFA is presented in Figure 6.13. The 
local drive of the photodetector is organized on electric motor M3, 
rotational angle-data transmitter DU3 and contro] module BU3. The 
control signal to the input of the BU3 is fed from rotational angle-data 
transmitter DU] @; of the outer gimbal suspension of the mirror and from 
gyroscope GT3 through adder S. A layout for organization of an 
information channel, considered in Figure 6.12, can be used to eliminate 
the mechanical coupling of the gyroscope GT2 to the gimbal suspension of 
the mirror through a reducer. The dashed curve in Figure 6.13 denotes 
the additional coupling, which can be eliminated when using a simplified 
stabilization algorithm. The position of the mirror in space is 
determined before the beginning of photography and is corrected by using 
the initial orientation system. 


When using a focal plane shutter, additional compensation of ground 
speed can be introduced with regard to the current position of the 
shutter. Let us denote the position coordinate of the focal plane on 
the frame by y;. The condition of stabilization with respect to the 
inner axis of the gimbal suspension of the mirror is then written in the 
form: 


Wg & — 2f' (v_/H,) cosa, cos Aa,|1 + (y,/f') tg a,] 


This algorithm should be used only for short-focus objectives at large 
rotational angles a; of the AFA. 


A functional diagram of the stabilization assembly of the outer gimbal 
axis is presented in Figure 6.14. In this figure, L1 is the dial of the 
pulse angle-data sensor, P! is the platform for mounting the gyroscope, 
Fl is the first reading device from dial] 1.) (F1 is rigidly connected to 
the platform Pl), F2 is the second readout device, rigidly connected to 
the outer gimbal axis, FD! is the first phase discriminator, FD2 is the 
second phase discriminator, U1, U2, and U3 are correcting amp) ifier 
sections, SCh is the pulse counter, and GT1 is the gyroscope mounted on 
the platform P1. 


The stabilization device operates in the following manner. The platform 
Pl is stabilized in spece in the stabilization mode due to the feedback 
circuit U3-M5 of angle-data transmitter GT1l. Since the signal from F1 
is used to organize feedback with respect to the angular position of 1.1, 
the dial will rotate at constant angular velocity in space at constant 
master frequency f,- The frequency fed from F2, fo2 will be equal to 


(20/N,) (2, — &,,), where N; is the the number of marks of L1, and a, is 


the speed of the dial, i.e., it is proportional to the angular 
rotational speed of the base. The signal from F2 is used to organize 
feedback by the position of the external] gimbal axis. To do this, it is 











compared to frequency f, on FD2 and is fed through adders 51 and S2 and 
section U2 to the input of the actuating motor. 














Figure 6.14. Functional Diagram of Outer Gimbal 
Axis Stabilization System 


KEY : 
1. Code “2” 6. Electric motor 
2. Reader 7. Reader 
3. Phase discriminator 8. Gyro tachometer 
4. Nonlinear element 9. Correcting amplifier 
5. Adder 10. To electric motor 1 


A code is fed to the input of the adder of counter SCh, equal to the 
number of pulses of transmitter Ll, by which the gimbal axis must be 
rotated, for reorientation of the outer axis. The signal from the adder 
is fed through the nonlinear element Nl to input U2, rotating the gimbal 
axis. When the code from counter SCh and the given code are compared, 
the system begins to stabilize its position. The presence of connection 
of output signals FD! and FD2 permits one to obtain dynamic accuracy of 
the system, independent of rotational stability Ll. Moreover, the total 
master frequency f, eliminates the error due to instability of f,- The 


constant rotational speed of L1 and Pl in space minimizes the perturbing 
moments acting on the system, which permits one to use micromotors as M2 
and M3, besides increasing the accuracy (see Figure 6.13). The 
functional diagram of the inner gimbal axis stabilization assembly is 
shown in Figure 6.15. In this figure, Ll and L2 are dials of pulse 
angle-data transmitters, FD1, FD2, and FD3 are phase discriminators, M1, 
M2, and M3 are the electric motors of the auxiliary drives, M4 is the 
electric motor of the mirror drive, Pl is the platform with gyroscope 
GT2 mounted on it, U1l-U4 are correcting amplifiers, Fl and F3 are 
readers connected to the platform Pl, F2 is a reader connected to the 
outer gimbal axis, and F4 is a reader connected to the outer gimbal 
axis. 
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Figure 6.15. Functional Diagram of Inner 
Gimbal Axis Stabilization System 


KEY: 
1. Phase discriminator 5. Reader 
2. Correcting amplifier 6. Electric motor 
3. Platform 7. Dial 
4. Gyroscope 


The mechanical part of the inner axis stabilization assembly differs 
from the outer axis stabilization assembly by the presence of an 
additional dial L2 and an electric motor M3 for driving it. The number 
of pulses to rotate dial L1 is related to the number of pulses L2 in the 
following manner: N,/N»y = 0.5, where N; is the number of marks of the 
dial Ll, and Neo is the number of marks of dial Lz. 


Let us denote the velocity of separate assemblies in inertial space: 
dial L1 by Nay dial L2 by Qo: the platform P1 by May the mirror axis 
by a. and the base by fl. 


According to the functional diagram, the frequencies of readers F2 and 
F4 are found in the ratio fo2 s fos: Multiplying out the equality, we 


find N, (Q., — 2,)A2n) = Ny (Qa — 0/129). and hence, Q, ~ W,, — 0,5R,, + 0.50, 


The foliowing equalities also follow from the functional diagram: f., = 


31 
= lou: Ie Jen. where fs 


frequencies, while Fy and fos are frequencies Fl and F3. 


and f,2 are the corresponding master 


Multiplying out the equalities, one can determine the angular velocities 
of the dials: 
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Qa, = 2afaiN, + Qu: a= 2af /N, + an. 


We then find for the velocity of the mirror: 


Q, = a (fq — WN, 1 0,50q: + 0,5 Q2oy. 


Since the velocity of the platform is kept equal to zero, then 


Q. =H (f ss - laWN, + 0,522... 


Thus, the image is stabilized with respect to axis Oy;,, and control of 
the velocity of the mirror in inertial space is also possible. To do 
this, one must fulfill the equality: 


0,5 (ug/H,) cosa, {1 + (y/f") 1G ay) = 4 a — fa) / Ni. 


If frequency fx2 is kept constant, frequency fy should vary by the law 


fan = Leg — (Nye yf2all,) cosa, [1 + (y,/f") tg ay}. 


Compensation links can be introduced to increase the dynamic 
accuracy of the system. 


No rigid requirements are imposed on the pnotodetector stabilization 
assembly and the outer gimbal exis, since the velocity error causes the 
image to rotate about the optical axis, while the requirements on 
stabilization by this axis are not rigid. The position error may cause 
rotation of the field of blurring factors by some angle with respect to 
the shutter due to the linear velocity of the object. 


6.2. Design Principles of Automatic Image Stabilization Systems by 
Information on Misalignment of Image 


The different design principles of image stabilization systems were 
considered in Chapter 1. It was shown that introduction of an image 
misalignment sensor into the structure permits one to design a 
stabilization system on the closed principle, which considerably 
increases the accuracy of the entire system. It is obvious that image 
stabilization is possible upon organization of image shift or 
photodetector control systems in two-three coordinates. The sensors 
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considered in Chapter 4 yield information about the rate of image shift 
along two mutually perpendicular axes. The field of the rates of image 
shift has a complex configuration, dependent on the parameters of 
displacement of the object. Thus, the characteristic features of the 
transmitter determine the methodical] errors in measurement of image 
shift. 
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Figure 6.16. Variants of Arranging Mast Gates of 
Image Misalignment Sensor: 
a--arrangement of gates parallel to axes 5, 7; 
b--ar rangement of gates perpendicular to axes y, 7 


Let us consider the different variants of arrangement on the platforw 
frame, by which the integral estimate of the image shift rates is made. 


A modulating array in the form of a spiral is considered in one of the 
papers. (Footnote) (U.S. patent 3,511,510) If the mask gates are 


arranged as shown in Figure 6.16, a, the estimate z of the projection of 


the linear velocity z is made by the photodetector signal, mounted above 


the notch 1 of the mask , which extends along axix Oz, while that of yx, 
is made by the photodetector signa), mounted above notch 2 of the mask 
along axis Oy,. Performing the integration within the given limits and 
at hf, h @L, g = 90°, we find: 


ii = Wyyl/2 [on + Ural sl. 
; (6.8) 
2, me — Weyl /2 4 fun b Crd / Me 


One can write in similar fashion for the arrangement of mask gates 1 and 
» Shown in Figure 6.16, b: 


231 








Wy = Rees — Fn + Im (gr — 1) + 
+ On-F (sing + F-cos¢) + rn 7 (sing + cos¢): 
2, = — Ran — FOr — FF Ore + hen FG (408 4 - + sing) + 
+ a7. (Ising — +-cosq). 


We find at {hf DA: PDL. Rig =o : 


Gy Reran — [me + yn 7 


2, te — RO, + fom 


By analogy with the previous formulas for symmetrical arrangement of the 
mask notches with respect to axes Oz;j, Oyj, one can write: 


Wi = Redan + en (>> -f) + 0 7 (Rosy 4 f sing): 
3, ~ — Reng b yal (1 -- $F) + 


2 wu / 
+ Ven > THT, ' Ym H sin y. 


With differential photography of a signal from two notches of the mask, 


arranged diametrically opposite, we find for estimate yi of the image 
speed along axis Oy; 


~~ j - 2 i? t 
= 7 ve + ia) = wud (Fr - 1) t 77,1 04. 


We also find a similar expression for estimation of zj. Thus, 
differential photography of the signal permits one to obtain a signal, 
equivalent to the integral estimation of misalignment with respect to 
the field, limited by the dimensions of the notch. The given formulas 
permit one to caloulate the methodical error of the image stabilization 
system, in which image misalignment sensors are uscd. 


232 




















Figure 6.17. Layout of AFA With Two-Coordinate Image 
Shift Rate Sensor 


KEY: 
1. Electric motor 3. Measuring module 
2. vVontrol module 


Let us consider a device whose layout is shown in Figure 6.17 as an 
example of designing an image stabilization system according to 
information from the image misalignment sensor. The film holder can be 
rotated by electric motor M1 by angle a about the vertical axis. The 
signal to the motor M1 is formed in control module Bl'l by the output 
signal vy of image misalignment perpendicular to the frame. The film 
winding speed is dependent on the signal of the image motion speed v, 
along the frame. This signal is fed through control module BU2 to 
electric motor M2. The rates of image misa!ignment are measured in a 
measuring module BI. 








Figure 6.18. Coordinate System of AFA 


The coordinate system Oxyz, bound to the base, and the coordinate system 
Onn Zn bound to the holder, are shown in Figure 6.18. The projections 


of the linear and angular speeds of the image onto the axes of the hase 
are denoted by vx, Vy, Vz and vx, #y, #2, respectively. Let the base of 


the device not complete angular vibrations (i.e., ‘in = «on 2 6, © 0), 


while the principal optical axis of the device is perpendicular to the 
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plane of objects, i.e., ¢ = 90°. If the image shift is estimated by the 


entire image field, one can write for given conditions: Zicp ~ Cml/Ho: 
Gicn = Co/H. 


The device is rotated by angle ¢ about the principle optical axis until 


condition icp = 0 is fulfilled. If the projections of the linear 


velocity of the base onto the axes of the base are equal to V0" Yy0" 


‘20, we then find in projections onto the axes of the device: 


Cn >= Van: 
Von = Vy COSO -- Uxe SING: 


Cry = Uy COST 4- Uy, SING. 
Hence, one can find the relation for the angle of rotation ¢ 


Ig 06 = 0,./U' x0. 


A signal proportional to the following value 





i 8 = 
2; cp = 77, xo CSE + yo SINO) = Tr asa 


will be formed at the second output of the image misalignment sensor. 


Thus, the direction of motion of the film in the holder will coincide 
with the direction of the speed vector of the base in plane OX Yo: If 


signal Zicp is used as the master at the input of the film motion speed 


control circuit, one can compensate the image shift caused by 
displacement of the base. 


One can write from equations (1.21) with regard to Figure 6.18: 





: ‘yal 
ee z y Urn¥i yn 
G = 24m, — 2H + oom (5 — f) + Sh + 





z :; 
2; = — YiOxn f Oynf (1 = 7) -}- meng 7 + “H, 
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We find for projections o7 the angular speeds onto the axes of the 
device: 


Wen = Dep |} GF; Oyg = Wy COST - W,, SiN G; 


_, = @,, COSA | Myo sino. 


Hence, we find for uncompensated displacements: 


( > 2 7?) 
. Wyn iti mm (71 Tim - alg 
Ag; = 2; (., }- a) : j j —_ a7 . 








. (ze), 
AZ, = — Yi (zo + 3) asi an i ~ 5 ° 





Specifically, the residual misalignment in the center of the frame is 
determined by the expressions: 


2 
: 2 Wen?m 
AN => 
2 Wynn 
Az; = ~ > ° 


The indicated components of misalignment do not affect the output signal 
of the image misalignment sensor and can therefore not be compensated. 


The frequency band reproduced by a closed control system with respect to 
an image shift is determined by the s ectral characteristics of the 
perturbations. The output signal of the sensor is in turn determined by 
the parameters of the angular and linear displacements of the base of 
the device. Let the maximum frequency of these displacements be gmake 


while the image shift on this frequency should be suppressed by -40 dB 
by the stabilization system. It is then easy to find that frequency of 
photographing the signal from the sensor is determined from the 


inequality o, > 250;)". with standard adjustment of the control circuit 


to the symmetrical optimm and provided that the excess of the 
modulation frequency of the pulse system above the cut-off frequency is 
not less than twofold. This condition is comparatively easy to realize 
in most designs of sensors. Thus, a frequency sensor with mechanical 
modulator in the form of a disk (with spiral] bands in the center and 
with radial bands on the edge of the disk), having 30 spiral bands and 
1,200 radial bands, is used in the above image stabilization system. 
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If the rotational speed of the disk is a = 1207 s~', this corresponds 
to a modulation frequency through the first channel of fa = 1.8 kHz in 


the range of linearity of the charcteristic of 2870 Hz, and that through 


the second channel of fe = 72 kHz at range of linearity of #2,000 Hz. 


The presence of two channels permits one to cover a wide range of 
frequencies of the input signals. If there are bright parts in the 
image, a correlation image misalignment sensor can be used. Thus, an 
image stabilization system for a lunar satellite is described in [88]. 
A cam, which moves the film holder with accuracy of not less than 

10-5 m, was used as the actuating mechanism. An image with misalignment 
of not more than 2.5 gm at focal distance of the objective of 0.7 m was 
obtained with mass of the stabilization system of 4.53 kg and at 
consumed power of 8.5 W. These accuracies can be obtained only in a 
narrow range uf variation of angular velocity, determined by the ratio 
v_/H.. 

rt oO 

6.3. Automatic Program Image Motion Control Systems 


Reorientation systems of optical elements and devices. Program image 
motion control systems include optical element or device reorientation 
systems and also scanning systems. Any preset motions of optical 
elements or devices should be taken into account when designing image 
stabilization systems, since they can lead to considerable blurring of 
the image. The reorientation system is an optical element positioning 
system. The general principles of design calculation of position 
systems are outlined in [70]. The information channels of these systems 
are ordinarily constructed by using various types of code sensors. A 
disadvantage of systems with code sensors is level quantization, which 
results in limitation of the maximum achievable accuracy at the level of 
+4, where 4 is the discreteness of the position information. Auto- 
oscillations of position systems may occur within this value. Taking 
into account that the problems of positioning of optical elements are 
continuously related to stabilization problems, the presence of 
auto-oscillations of position systems may have a significant influence 
on the errors of the stabilization systems. It becomes necessary in 
this regard to use different principles of arranging the control 
systems. 


Specifically, systems with a reversing structure, when there is 
transition from a structure that realizes the positioning mode to one 
that realizes the stabilization mode, can be used. Different 
information channels are used. However, realization of these systems is 
related to considerable complication of them. Control systems whose 
information channels are based on pulsed photoelectric sensors, while 
the structure corresponds to that of a combination pulse-phase system 
using a one-axis gyro stabilizer, can also be organized. 











Taking into account that optical devices are ordinarily reoriented in 
space, one must have both relative displacement sensors (for example, 
with respect to the base) and absolute displacement sensors in space. 


Let us consider onme-coordinate reorientation systems (Figure 6.19, a and 
b). The reorientation layout for the case of location of a gyro unit 
(GB) on a base is presented in Figure 6.19, a. The layout operated 
similar to that considered earlier in the “Stabilization” mode (see 
Figure 6.5). The difference is in the different design of the pulse 
sensor ID2 of the angle of rotation of the element to be stabilized SE. 
A four-channel photo impulse sensor is used in this device (Figure 
6.20). The signals from outputs DU3 and DU4 are designed to measure the 
current position of the information systems with respect to the dial, 
while that of outputs DU] and DU2 are designed to determine the mutual 
initial error of outputs DU2 and DU4 (channel I) and outputs DUI and DU3 
(channel II), and also to correct the current information about the 
angular error once every revolution of the dia]. An angle of 180° with 
respect to the position of two information systems is taken as an error 
equal to zero. 


The position error signal of the two sensor channels PD2 is taken from 
the output of the position error sensor IOP (see Figure 6.19, a). The 
error code is fed to the input of control module BUS, while the output 
signal of this module is used to contro] the electric motor M4 when the 
type of operation switch is set to the position “Correction.” The 
master code of the IOP is fed from the output of adder S. Code “2” 
(preset to rotation of the element to be stabilized) and the code of the 
current value of the angle of deflection of the base from the horizon 
with respect to the stabilization axis of the element to be stabilized 
are fed to the outputs of the adder. Information about the angle of 
deflection is fed from the onboard gyro wit VGB through the 
voltage-code converter (PNK). 


The reorientation layout of the SE for the case of mounting the gyro 
unit directly on the element to be stabilized is presented in Figure 
6.19, b. In this version of the circuit solution, a four-channel pulse 
angle-data transmitter is mounted in the gyro unit, while the reference 
frequency fy is received after conversion of reference code "E” in the 


code-frequency converter PKCh1. 


237 












































opperuue | | Omobumrsouua” 


4 
AM —— (14) 



















































































(17) 
Om 6/6 (17) 











4594} 


Figure 6.19. functional Diagrams of One-Coordinate 
Reorientation Systems: 
a--with arrangement of the gyro unit on base; 
b--with arrangement of gyro unit on element to 
be stabilized 


(Key on following page) 
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1. Sensor 10. Correction 
2. Control module 11. Stabilization 
3. Gyro unit 12. Adder 
4. Electric motor 13. Voltage-code converter 
5. Gyro platform 14. From onboard gyro unit 
6. Pulse sensor 15. Code "2" 
7. Gyro-stabilized platform 16. Code-frequency converter 
8. Element to be stabilized 17. From onboard gyro unit 
9. Position error sensor 18. Code “E” 
, yi. won 
(2) 
\ 
wa 
(3) 
Figure 6.20. Pulse Sensor of Angular 
Position of Mirror 
KEY: 
1. Angle-data transmitter 3. Dial 
2. Channel 


The position error code from the output of the IOP is added to the 
reference “E” and preset "Z” codes and is converted by the PKCh2 to the 
frequency of the signal arriving at the second input of the BU3. Signal 


f, is fed to the first input of the BU2. The spatial position of the SE 


is stabilized in the “Stabilization” mode with the simultaneous 
capability of rotating it with respect to the platform of the gyro 
stabilizer in the gyro unit by the angle determined by the code "Z.” 

The “Correction” mode, in which the positioning system of the element to 
be stabilized operates from control module BU4 by signals of the 
relative angular position sensor of the element to be stabilized and the 
onboard gyro unit VGB, is provided for periodic setting of the element 
to be stabilized to the horizontal position and to compensate the effect 
of the drift of the gyro unit. Let us consider one of the variants of 
realizing the IOP. 


The output information in the device is presented in binary code with 
determination of the number sign. The device is designed to use a dial 
with marks N, = 1,800, which permits one to measure the angular error in 
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the range of #102" at the adopted digit capacity of the digital data 
processing assemblies. The maximum value of the measured error can be 
brought to 180° (1 - N,/2) if the digit capacity is increased. The use 


of the device in automatic control systems permits one to achieve a 
positioning accuracy at the level of #6’. An increase of accuracy is 
related to an increase of the number of marks on the dial. 
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Figure 6.21. Information Processing Circuit in 
Mirror Position Control System 























KEY: 
1. From data-angle transmitter 7. Position sign 
2. Counter 8. Position code 
3. Record pulse 9. Preset code 
4. Correction code 10. Preset sign 
5. Correction sign ll. Error sign 
6. Adder 12. Error code 


The device (Figure 6.21) includes a circuit for initial setting and 
correction of the code and sign of the angular error Schl. This circuit 
generates a record pulse, by which the initial conditions in counters 
Sch2 and Sch3 are established. Pulses are taken from angle-data 
transmitters DUI and DU2. A signal of the sign of the correction code 
is generated as a function of the relative position of these pulses. 
The level of a logic 1 is taken here and further as the “plus” sign. 
The pulses following from the output of transmitter DU4 at frequency 

f = 900 w/7 are calculated by counter Schl. Counter Schl is set to zero 
at number of pulses of transmitter DU4 N = 511 and receives 
authorization to operate in the counting mode according to the pulse 
front from DU] or due to a decrease of the pulse from DU2. If the 
number of pulses of transmitter DU4 is N < 511 and if the conditions for 
the pulses of transmitters DU] and DU2 using delay lines are formed 


240 








under the same conditions, the pulses of code record, correction sign 
and setting the information to zero are formed in Schl. 


Counters Sch2 and Sch3 determine the current position of the information 
systems with respect to the dial. Variation of the codes recorded in 
counters Sch2 and Sch3 is presented on the working diagrams (Figure 
6.22). It is assumed that the dial rotates at constant speed with 
respect to the first information system, which corresponds to a linear 
increase of the code in Sch2. The second information system performs 
arbitrary angular displacements. The information in Sch3 is set to zero 
and the correction code in Sch2 is recorded to eliminate the possibility 
of overflow of the counters by the recording pulse (see Figure 6.21). 


The modulus code of relative angular position of the information systems 
is determined by adder S1. The direct output code of Sch2 and the 
inverse code of Sch3 are used. Adder S1 performs the arithmetic 
operation [A] - |B] with regard to the ratio of codes A and B. 


Determination of the position of the second information system not only 
with respect to the zero angle (see Figure 6.21), but also with respect 
to an arbitrary angle determined by code D and by the preset sign is 
determined to include an automatic contro] system in the device. An S2, 
which performs the arithmetic operation D - S, is introduced into this 
device. If signs D and S are identical, the calculation is made similar 
to the calculations in adder Sl. If the signs of D and S are different, 
S2 operates like an ordinary adder with the exception of carr) 
operations and inversion of codes. 


Scanning systems. One of the methods of improving the image quality in 
optical systems is to use optical-mechanical scanning of the image by a 
scanner. Only part of the image near the principal optica] axis of the 
device, where the aberrations introduced by the objective are minimal, 
is used. Moreover, this optica] system permits one to encompass a large 
field of objects and does not introduce the distortions typical for 
wideband objectives. 


However, introduction of scanners into the optical system results in the 
need to compensate for the resulting displacement of the image in the 
focal plane of the objective. This can be achieved by corresponding 
displacement of the photodetector provided there is accurate 
synchronization of the motion of the image and of the photodetector. 


However, introducing a scanner into the optical system results in a need 
to compensate the resulting displacement of the image in the focal plane 
of the objective. This can be achieved by the corresponding 
displacement of the photodetector provided there is accurate 
synchronization of the motion of the image and photodetector. 
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Figure 6.22. Graphs of Time Processes in System 
KEY: 
1. From data-angle transmitter 7. Position sign 
2. Correction sign 8. Preset code 
3. Correction code 9. Preset sign 
4. Recording pulse 10. Error code 
5. Codes of Sch2 and Sch3 ll. Error sign 
6. Position code 


Mirrors, prisms, optical wedges and so can be used as the scanning 
element, which permits one to change the direction of the incident ray 
in space. Let us consider the simplest scanner, shown in Figure 6.23, 
a. A flat mirror 1, rotating in front of an objective 2, scans the 
plane of objects, determined by the scanning angle #7... An image of the 
field of objects, displaced at rate Vu! will] be formed in the focal 
plane 3 of the objective. The entire device is mounted on a moving 
base, moving at speed “e at altitude Ho. The band of coverage in the 


flight direction is determined by the width d of the film 4. 
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Figure 6.23. Layout of Scanner: 
a--formation of image; b--rotation of mirror axes; 
l--mirror; 2--objective; 3--focal ple.ie; 
4--photographic film 


Let us have h = dHo/f cos g, where gy is the actual scanning angle, for 
the coverage bandwidth on the plane of objects. 


Part of the previous plane must ordinarily be repeated in the next 
frame, which is characterized by an overlap factor k = b/d, where b is 
the width of the unrepeated part of the image. 

Let us have hi... = kdlielf. for the minimum width of the band on the plane 


of objects. The field of coverage in the flight direction, determined 
by the motion speed of the base hy, = Yo'n’ where Ty is the cycle time, 


Ty = kdHJjifH,) , is misalgined during the cycle. 


We will have for the speed of the mirror (Z) on the working path 


— c Vol 
>» iF . | 


where k» = ty is the coefficient of symmetry of the cycle and te is 
the time of the working path. 
To reduce the amplitude of the image shift perpendicular to the frame, 


the rotational axis of the mirror Z is rotated by angle « toward the 
direction of flight (Figure 6.23, b). The scanning angle v6 should be 


243 








determined by the formula «. — arcig (lg ¢,/cos 2) to retain the field of 


coverage of the object plane. We find for the angular velocity of the 
mirror 


a Ze arctg (tg ¥ -/ous a) 
» hyd, dll, ° 





This expression determines the mean value of the angular velocity Z 
during the working pass. The law of variation of speed on the working 
segment can be selected arbitrarily. The motion speed of the image in 
the focal] plane of the objective can be found from the expression 


Ug = 20,f cosa 


The rate of shift of the image perpendicular to the frame, caused by 
motion of the mirror, will be 


Ca. won 7 2w,/ sina 


The simplest problem of synchronizing the motions of the image and of 
the photodetector can be solved for constant speed Z on the working 
pass. The exposure time will be independent of the angle of rotation of 
the mirror. The control] system of the scanning element can be designed 
as a stabilization system, which permits one to achieve the highest 
accuracy with the most complete suppression of perturbations. The law 
of motion Z on the segment of the reverse pass can be selected 
arbitrarily with regard to the requirement of minimal energy 
expenditures at given cycle time. 


The main task to be solved by the system is formulation of the required 
law of variation of the coordinates of motion of Z and to provide the 
necessary accuracy of maintaining the coordinates of motion during the 
working pass. 


The mirror is equipped with a motor having sensors of the coordinates of 
Ytion to be checked and with a corresponding control system to 
wmulate the required scanning law. 


The graph of the scanning law of the mirror can be divided into two 
qualitatively different segments. The first is the segment of the 
working pass of the mirror and the second is the segment of the reverse 
and reverse pass of the mirror. The qualitative difference of these 
segments occurs due to different requirements on the accuracy of the 
motion of the mirror. The maximum accuracy of stabilizing the 
coordinates of motion of the mirror must be provided on the first 
segment. There are no requirements on the stabilization accuracy on the 
second segment, and if there are no constraints of any kind, the control 
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system should provide only the given time of motion of the mirror. The 
principal possibility of organizing the system on two actuating motors 
and with variable structure follows from this. 


Another problem in development of scanners is compensation of the 
torques acting on the base and occurring mainly during reverses of the 
mirror. Al] the methods of compensating the reactive moment determine 
the presence of an inertial element (IE). The possible methods of 
compensation are based on development of a moment, equal in value, but 
opposite in direction, acting on the base, or of kinematic uncoupling of 
the scanner from the base by mounting the mirror together with the 
actuating motor on the inertia’ element. Compensation of the reactive 
moments acting on the base may result in difficulties of achieving the 
required accuracy of motion of the mirror during the working pass. 
Comparative analysis of different versions of designing scanning devices 
should be conducted to find the optimal solutions according to the 
criteria of accuracy and of the minimal] moments acting on the base. 


There is also the problem of improving the mass and size parameters of 
the scanner and of reducing the consumed power. This problem is very 
timely, for example, in the case of installing the device on an 
air/spacecraft. One of the methods of reducing the power losses in the 
scanner is to use various types of power recovery units (mechanical, 
electromechanical and so on). Selection of the recovery unit obviously 
determines the design of the entire device to a significant degree. 


Let us consider realization of several scanners, distinguished by the 
method of preset motions and by the method of compensating the torque 
reaction acting on the base according to the above problems. 


Scanner with mechanical recovery imit. A mechanical recovery unit is 
designed to reverse the mirror by exchanging the mechanical energy 
between the mirror and the inertial element through a flexible 
mechanical coupling introduced between them. A flywheel (M) can be used 
as the inertial element. This recovery unit permits one to reduce 
considerably the power consumed by the scanner (US), since the 
efficiency of the flexible coupling is usually much higher than that of 
the energy converters used to recover electric power with the 
eléctromechanical method of reversal. 


The following mode is typical for the operation of this type of scanner. 
The flexible coupling between the mirror and flywheel, which are rotated 
in opposite directions, is switched on after the completion of the 
working pass of the mirror and power is exchanged between them. The 
sign and value of the speed of the mirror and flywheel are changed. The 
flexible coupling is switche! off at the moment after reversal when the 
speed of the mirror and flywheel reach a maximm@m value. The mirror and 
flywheel then move separately. The flexible coupling is again switched 
on at a signal of the position data-angle transmitter, which provides 
information that the mirror has passed a given angle on the segment of 
the reverse pass, and the mirror and flywheel are again reversed. The 
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mirror is set at the initial point of the segment of the working pass at 
the end of the cycle. 


The motion of the mirror and flywheel in the reverse segment are 
described in the first approximation by equations of dynamics of a 
two-mass flexible mechanical system: 


J, + C14, — Gy) = 0: 
Jute — CFs — Gu) = 0, | (6.9) 


where J, arxd J, are the moments of inewrtis of the mirror and flywheel, 
respectively, c is the stiffness of the flexible coupling, and v5 and Puy 
are the angular position of the mirror and flywheel, respectively. 


Let us be given the initial conditions in the form: % ~ Gui f@u = Due: 


To " Gel fu Tue St t= 0, where 50 is the speed of the mirror on the 


segment of the working pass, ha is the speed of the flywheel when the 


mirror is moving on the segment of the working pass, is the scanning 
engle, and ao) is the angle of displacement of the flywheel during the 


working pass of the mirror. 


The solution of equations of (6.9) will] then have the form: 





y, zd, 3 Jat = sin ot + vy = {+ @: 


. oo J Smo One 1 toe + J vue 
Gu As Tn aT) ttt } 71 Te a on oe 








where w, = Vc ft in is the frequency of elastic vibrations. 


We find for the speeds of the mirror asd flywheel, respectively, 


~=d ip— Se . J Aw tly we 
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The mirror and flywheel] wil! reach the maximum speed 5, and after 


ul 
reversal at moment of time t; = t/ ay The values of 51 and feat are 
determined by the formulas: 








. 2J ue _— 
i. = _*4 momo ier Ju) : (6.10) 
Gu, = 2/20 + Ou (Jy — J) 

” Jes $ Je ° 





The mirror and flywheel will move at these speeds after the flexible 
coupling on the segment of the reverse pass has been switched off. The 
operating time of the flexible coupling is t; = 7/#:. The angle 
traveled by the mirror and flywheel during the operating time t; of the 
flexible coupling, is determined by the equations: 


JG90 + /umo 








fa = Is+Ju b Pei 
_  dxGoo t+ Jaime 
tu = la+ Ju Wy + Pug: 


The angular misalignment between the mirror and flywheel must be 
determined to calcuiate the parameters of the flexible coupling. This 
can be done if one assumes that the angular positions of the mirror and 
flywheel are equal to zero at the moment the flexible coupling is 
switched on, i.e., at t = 0. The equation of the angular misalignment 
between the mirror and flywheel will then have the form 


Too ~ Yo .. 
f, — ¢, = Oy Sill Wyl. 


The maximum angular misalignment at “yt = #/2 will obviously be equal to 


(Ys a Cra) nar = (Gao — Pruo)/My 


The derived equations fully describe the motion of the mirror and 
flywheel when the flexible coupling is first switched on. The mirror 
and flywheel will move at speeds determined by expressions (6.10) after 
the flexible coupling has been switched off at moment of time t; = t/ey 


to moment of time t, of the second time the flexible coupling is 
switched on. The equations of motion on this segment will have the 
form: 
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YY, = Ya ({ — t,): Py = Pus (i — és); 
Pf, = Fu: Cu = Oui: at i,<li<kh. 


The flexible coupling is switched on for the second time at moment t2 
and the initial system of equations (6.12) with variable initial 
conditions will be valid for the motion of the element to be stabilized 
and the inertial element: 


Pre = Pu | Par lle —4): Yur = Fur + Pua (le — ): 


Gx = Gai Pur= Puy A C= fy. 


Since the operating time of the flexible coupling is independent of the 
initial conditions, it will be equal to the time the coupling is first 
switched on upon switching on the flexib’e coupling a second time, i.e., 


ts t/a: 


The moment of time at which the flexible coupling is switched off after 
it is switched on a second time is determined by the expression (, = /, + 1/wy,. 


The total reversal time of the mirror Z is determined as the sum of the 
operating time of the flexible element and of the time of the return 


pass of the element to be stabilized /.,.., 
and flywheel should cover angles equal to Ya = — Ys Ta Prarn 


during the reversal time. This condition follows from the cyclic nature 
of operation of the scanner (US). The following equations can then be 
written for the law of motion of the mirror during one cycle: 


2ajm, + (tg — 4). The mirror 





= J ‘0 —~ Guo | J sGso + Jus 
Vs "Oy dak d,) yl + fii t Lae. 
at O<t(<i; 


= o J 4 LJ 
Ys = Gay (1 — 1,) + 1F 20 wUmo Tt 
4,4 dng Wy t Vr. 





VY, = Jus Su — Um 


@, (Jy + J.) SH, (f > boca te a } b 











/ 34 ;- : is ( 1 ) 


J 34 + J uF 1 


Is + Jy wo,” lg <1 <I eg! 





W's = Pao (f — Lyon), 


248 








Accordingly, we find the following for the motion speed of the mirror: 


dg —: Sug B28 cos ny 4 Leet Anne 


ut J ds +Jdu . _ 





0O<(<h: 


f,;= 9, at fisalacly: 


. $2 —Tm . 1 
G2 = Ju TP C08 @y (1 — fp + =) 4 





+ 4331 + JT m0 
Ist+du =’ 





at l; <i < pen: 

9, >= Y xo. at l pen < f <q Fas 

where {, = n/iq; ty = lyon — 2nferg; typ 18 the given reversal time of the 
mirror, and T. is the cycling time. 


The angular position of the mirror at noments of time t, and t» is 
determined by the expressions: 


_ IG20t+4uTmo % , 
fu = —~ht+iu = @, Ve; 


“ = — J 1410 t- J ne seo at 
— - Js + Jy wy” 





Based on the last expression, one can calculate the parameters of the 
scanner, which guarantees that the flexible coupling will be switched on 
at the end of the working pass and that it will be switched off after 
reversal of the mirror. This condition will be fulfilled when the 
angular position of the mirror at the time the flexible coupling is 
first switched off coincides with the angular positions of the mirror at 
the time the flexible coupling is switched on the second time, i.e., 
when the following equalities occur: 


_ _ S400 + J uGmo 2% 
Yu ~ Va OF Ve = ey e, ° 





The parameters of the scanner can be fully calculated on the basis of 
the derived expressions. 


The considered scanner is purely conservative. No control system on the 
reversal segment is required for it to operate. Realistically, any 
similar system has losses; therefore, the scanner should be considered 
with regard to the losses in the flexible coupling. 
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The equations of motion of the mirror and flywheel are written in the 
form: 


Isat 0 (Gs — Pu) + (Ps — Mn) = 9; | 
Jneiinn, — 0 (G2 — On) — CFs — Fx) = 9% | (6.11) 


where b is a coefficient that determines the losses in the flexible 
coupling. 


The solution of the system has the following form for previously 
established initial conditions: 














= = - ‘ | , | ™ 
Ys =J, Pa Sue _ -*! sin wyf + Swe ul a0 i+ We; 
(Wy +4,)0 ot in 
y | , (6.12) 
Y. = Yue we e sin wf r Salat futuo t + {uo 
; a+ Ju 


4 
(4x4 +-4,) w, 





where #’. is the vibration frequency of the flexible system, equal to 





y 
, ~P RI. g__VatJw) 
oe my Vim aes a te 





One can find the equations for the motion speeds of the mirror and 
flywheel from expressions (6.12) after differentiation: 


P5075 + Tuo! m . 
Jatdn 


, ane Fue T0 — af . ’ j 4 4 a+ J 4% mo 
"* Js Ju t-ds COS ey Jad du 





p, elu oO e~°f cus wyl + 





It is obvious from the derived expressions that the speeds of the mirror 
and flywheel will differ from those for a conservative system after the 
flexible coupling has been switched off. The speed of the mirror after 


the second reversal will be less by Ag ~ @ww |! — exp (—a2n/w; )|. on the 
working segment. An additional torque should be applied to bring the 
mirror to the given speed 50 from the direction of the actuating motor 


of the motion control system of the mirror on the working segment. The 
accuracy of motion of the mirror on the initial segment of the working 
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pass thus deteriorates. To correct this negative phenomenon, the 
scanner is supplied with a control system of reversing of the mirror. 


System for continuous control of mirror speed on reverse pass segment. 
This system permits one to monitor and contro] the motion of the mirror 
according to the required law of motion. The moments required to 
formulate this law of variation of speed are developed by the actuating 
motors of the mirror and flywheel and also by the flexible coupling of 
the mechanical recovery unit. 


This system is described by the following equations, similar to 
equations (6.9): 


J5Ps + O(Gs — Ou) +618, — Gu) = ANY) + May (li: 
J Pra — 0 (Ps — Pu) — C(Ds — Gu) = Me (0) + Algg (0. (6.13) 


where M;(t) and Mo(t) are the moments of the actuating motors of the 
mirror and inertial element, respectively, and May (t? and Myo! t) are 


perturbing moments applied to the mirror and flywheel, respectively. 


Introducing the Laplace transform, this system of equations is rewritten 
in the form: 


J pP70—-\- Op (4s — Mu) } CU — Eu) = ANP) 4+ Alay (p): 
JPG A OP (Gun — Fs) + CW — V8) = Me lp) + Aye tp) 


After simple transformations, one can find the transfer functions of the 
coordinates of the system: 














7 wo) — Jub” + Op + _ 

Wp) = Mi(p) —— Iadup*(p’ | bp, t JuWlda 
{ c{(/, ! Ju Fad uy)] 

Was (p) = Tu (P) _ Jap" 4 op + <¢ 

rT Mp) Id a (p+ Op 7 Tu ATaI a) + 


+ CLs + Jug Wl oJ q)) 
Ws (p) -. 2 _ pyc 
12 M,(p) Jad at* (p? + OP (ly + ileal) + ° 
4 Cll, } JuWlelu)) 











~ delut™ (P46 Uy | JudPNdadm) + elt Ie + Jul dod wd 


It is obvious from the fiven expressions that the effect of the resonant 
link, taken into account in the transfer function according to the 
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control action W;(p), must be compensated to close the feedback with 
respect to speed or position of the mirror. 


The frequency of this resonance at real scanning cycling time is in the 
low-frequency region with respect to the possible cut-off frequency of 
the closed system. It is easiest to compensate resonance by introducing 
coupling with respect to the torques of the actuating motors of the 
mirror and flywheel. 


Let us determine the coupling coefficients with respect to torque. Let 
M2(p) = kM;(p) and one can then write for the transfer function of the 
position of the mirror according to the control moment: 


W,(p) = Wy tp) RW yp) = 


_ p+ bp tl + kl +l + AW _ 
TPP + bP Tat Tutt) a + FT odd 





One can establish from the derived expression that resonance is 
compensated if k = J/4;° The transfer function on the control action 


at selected k will be equal to 


Go (P) 4 


Wp wn lw 


The torque coupling coefficient is independent of the parameters of the 
flexible coupling, but is related only to the moments of inertia of the 
mirror and flywheel, which do not change their values. Thus, one can 
recognize stable compensation of resonance in the control] object and one 
can close the system at the cut-off frequency, lying in a large 
frequency range, which is unlimited by the resonance frequency of the 
flexible coupling. The control system reswitches the structure, 
according to the position of the mirror. 


Scanners with reducer coupling between motor and scanning element. 
Realizing the law of scanning at short cycling time requires development 
of the drive of the mirror with large torque. This torque is developed 
by the drive mainly during reversal, i.e., the moment is pulsed in 
nature. On the other hand, the motion speeds of the mirror are 
comparatively low; therefore, either torque motors or stepdown reducer 
gears between the serial high-speed motor and mirror must be used to 
organize a drive with acceptable efficiency. 


Some advantages both from the viewpoint of the mass and size 
characteristics of the entire device and from the viewpoint of 
compensating the torque reactions on the base can be found in the second 
case. 
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Let us consider the kinematic layout of a scanner using the reducer 
shown in Figure 6.24. 





Figure 6.24. Scanner With Reducer Drive 


The device consists of a scanning mirror Z, motor Ml and friction 
reducer that connects these elements. 


Let the motor develop torque Map Dut to the effect of this moment, the 


motor rotor picks up speed at acceleration ¢;, whereas the mirror Z will 
pick up speed at acceleration: 


(6.14) 


2 ‘fF, 


where i is the gear ratio of the reducer. 


One can write Man =e, (J, + fy) where J; and J+ are the moments of 


inertia of the mass, related to the motor rotor and to the rotational 
axis of the mirror, respectively, can be written for the torque of the 
motor. One can write the following with respect to expression (6.14) 
for the torque of the motor 


Man Po (Jy + CIV. (6.15) 


One can determine from formula (6.15) the extreme values of the torque 
of the motor with respect to parameter i, which occur at gear ratio 


iene = VJs 


MIN" = Q0eo5/ Sido (6.16) 
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The necessary torque of the motor must be selected on the basis of 
expression (6.16) according to the known moment of inertia and required 
acceleration of the mirror. 


If the reducerless version is compared to the considered version, the 
torques of the motors will be related to each other in the following 
manner : 


Mas a 2V Ji, 
man 3) file J 
Mawes ts re(J, + de) + Jy) ~ =e Vx. 


where M,.g = (J, +/,) is the required torque of the motor in the 


reducerless version. 


One can assume that J; € J> for the considered case, therefore, a 
considerable advantage in the torque of the drive motor of the mirror 
can be achieved when using the reducer version. 


Compensation of reaction torques acting on hase upon image 
stabilization. The presence of cyclicity or other forms of motion of 
the optical elements (OE) results in the need to develop angular 
accelerations, which are realized by using the corresponding drive 
moments of the optical elements. According to Newton’s third law, a 
moment equal in value and opposite in sign to that applied to the 
optical element will be applied to the base from the direction of the 
drive. The moment applied to the base is called the reactive moment. 


Let us determine the reactive moment acting on the base at known 
parameters of motion of the optical element. 


Let the control system guarantee variation of the angular velocity of 


the optical element according to known law “0 giths the following moment 


should then be applied to the optical element from the direction of the 
actuating motor 


Gwe » 
Man ()> Song ee + Me (1, (6.17) 


where Jo 9 is the moment of inertia of the optical element about the 


rotational axis and M(t) is the moment of resistance occurring between 
the optical element and the base (the effect of the other perturbing 
elements is disregarded). 


The moments of the motor and the moment of resistance will then act on 
the base. 
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Hence, we have for the reactive moment on the base 


M,= — M,,(f) ' M.(. 
With regard to expression (6.17), we find 


J da, »(!) 
M,= —‘o» (6.18) 


The base is displaced due to the action of this moment by the law 
determined by the equation 


1, = = M, 


a (6.19) 


Having substituted expression (6.19) into equation (6.18), we find 


dt J, a-’° (6.20) 


The angular rotational speed of the base can be found by integration of 
expression (6.20) 


@, 1) = — 22, (0 


The derived expression can be used to formulate the criterion of the 
extent of compensation in the form 


A <F lw i. J, Ww), (6.21) 


where F is the estimate of the function, A is the permissible parameter 
of displacement of the object, and f(t) is a function of the action of 


the compensating device. 


It was established above that one of the requirements placed on scanners 
is the need to compensate the moments acting on the base. In the 
reducerless version, besides the moment applied to the base and caused 
by operation of the mirror drive, there is an additional moment due to 
the characteristics of the kinematic layout of the device. 
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Let us consider Figure 6.24 to determine this moment. A force 
determined by the expression F = J:¢2/R:, where R» is the radius of the 
reducer gear connected to the mirror, should be applied to the mirror so 
that it speeds up at angular acceleration ¢;, in (-)A. By considering 
the moments about the rotational axes of the motor and mirror, it is 
easy to ascertain that forces equal to force F will be applied to these 
axes. The directions of the effect of these forces are such that they 
result in the occurrence of a moment acting on the base in a direction 
opposite to the effect of the moment of the motor. The value of this 
moment is determ,ined in the form M, = F(R,;+ Ro), where R,; is the radius 


of the reducer gear, connected to the motor. 


Multiplying out F, we find M, = Joe2(i +1). The total moment acting on 
the base can be found from the expression 


M,= M..— M,: re(+ + kd;) Je,l+o0e< es (— 4). 6.22 
(6.22) 


It follows from expression (6.22) that the reactive moments acting on 
the base can be compensated for the reducerless version of a drive 
without any additional measures whatever. The gear ratio of the 


reducer, to guarantee condition Mp = 0, should be equal to 


i= J,/ds (6.23) 


The moment which the motor should develop is determined after 
substituting the value of the gear ratio with respect to forma (6.23) 


into expression (6.15) Map =f, (l + i)@wed, at i€i. 









































Figure 6.25. Scanner With Compensation of 
Reactive Moment on Base 
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The use of a reducer coupling with the scanning element is one of the 
directions in development of various types of layouts fcr compensating 
the moments acting on the base. For example, the layout of a scanner, 
in which the mirror is connected to the motor directly, while the mirror 
is mechanically connected to the flywheel through a reducer to 
compensate for the moments acting on the base, is presented in a patent. 
(Footnote) (British patent 1,520,845) It is obvious that all the above 
formulas are valid for this case, but the motor should be selected with 
respect to torque according to acceleration ¢; and its moment of inertia 
J;. The necessary moment of the motor in this device is determined from 
the formla 


? 
Mip = 0, (4 +5) meet J). 


If one takes into account that the moment of inertia of the flywheel ix 
selected from the relation J+ € J; to reduce the overall! dimensions and 
mass of the device, then the motor should develop a significant torque. 
It is one of the deficiencies of the considered device. Another 
disadvantage is the circumstance that the moments of resistance acting 
on the flywheel shaft resvu" ‘nn q@otion with considerable amplification 
due to the large gear rat ave reducer. This inevitably causes a 
reduction of the motion a .u«0cy of the scanning element. 


The electric drive motor of the mirror is designed in some pract ical 
cases for minimm developed moment with respect to formula (6.16), while 
the moment acting on the base is compensated by developing the design 
shown in Figure 6.25. The reaction moment is compensated by introducing 
an additional inertial element IE, having a drive from an electric motor 
M2 and rotating in a direction opposite to the direction of rotation of 
the mirror. The required moment acting on the base i« required for the 
compensating device at minimum overall dimensions and miniaum moment of 
the motor. This requirement is equivalent to the problem of determining 
the maximum reaction moment at given parameters of the device. To soive 
this problem, let us write the expression for the acceleration of the 
flywheel, which follows from formula (6.15) 


tf, = iMag Jf, + Jy") (6.24) 


After substituting expression (6.24) into equation (6.22), we find: 


Magi( ims Mug amisa) (6.25) 
Les aa 1,4 J" 








M, baad 
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Let us find the maximum moment acting on the base with respect to the 
gear ratio of the reducer. To do this, let us calculate the partial 
derivative 


OM Mg (J ~~ 4 — 4444) 
nn (/, ‘ j,i*y . (6.26) 





From the condition of the extreme value of function (6.26) follows 


IG = Wd —JI J, =O. (6.27) 


The roots of equation (6.27) are equal to 


t4Viedsi, (6.28) 





ie = 


Study of the second derivative shows that the values of the gear ratio 
of the reducer, determined by expression (6.28), yield the maximm 
values of the reactive moment on the base. 


It makes sense to consider only one value of the root 


! 
(ri,iv7e-— ay 2 wen Bry Bi 
—t+V 1 4+ Jelly 


since i; > O. 
Ordinarily, J»/J; >} 1; therefore, we find for the gear ratio of the 
reducer 


iwi Judy. (6.29) 


The maximum moment applied to the base is determined at the calculated 
gear ratio of the reducer from expressions (6.25) and (6.29) 


My = O,5Myy (1 ~ oY de/d,). 
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One can determine from this expression the required moment of the 
inertia of the flywheel for the selected motor 


4,34, (2MJM,, + 'F. 


Realization of this scanner is the result of solving the following 
contradictory requirements: provision of minimal mass, overal! 
dimensions and power consumption. One or another version is achieved as 
a function of the combination of these requirements in quantitative 


expression. 





Figure 6.26. Soanner With Gyro Compensator of 
Reactive Moment on Base: 
l--mirror; 2--rotational axis; 3--control module; 
4--outer gimbal; 5--inner gimbel; 6--ayroscope; 
7--position sensors 


The mirror Z can be uncoupled kinematically from the base by introducing 
a free gyroscope in the scanner. 


A block diagram of the scanner with gyro compensator is shown in Figure 
6.26. The actuating motor of the motion contro] system of the mirror |! 
is connected to it in one or another manner and is mounted on the inner 
gimbal 4 of the gyroscope 6. The actuating moment develops a torque 
upon reversal of the mirror that decelerates the mirror and then 
accelerates it in the opposite direction. The same moment, but opposite 
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in sign, will be applied to the outer gimbal of the gyroscope and will 
cause precession of it about the axis of the inner gimbel 5. The action 
of the reactive moment will be compensated by the resulting gyroscopic 
moment, while mo moment will be applied to the base. The rotor of the 
actuating motor is rigidly connected to the scanner, while the stator is 
located on the inner gimbal of the free gyroscope. The mirror moves 
during the working pass by inertia, while the actuating motor is 
switched on through the control module 3 and reverses the mirror at the 
end of the working segment by signals of the position sensors 7. 


The corresponding contro] circuit and position sensor (or speed sensor) 
of the mirror can be used to create active control during the working 


pass. 


The method of control on the working segment of the cycle is selected by 
the above principle. 


The use of a free gyroscope instead of various types of flywheel as the 
inertial element permits one to improve considerably the mass and size 
characteristics of the scanner. 


Let us consider the method of designing «a scanner with gyro compensator. 
Let us assume that the kinematic connection between the outer gimbal of 
the gyroscope ard the mirror Z is formed only for the brief reversal 
time, while the actuating motor (or the device that replaces it) 
provides reversal acoordi:.2 to the law of elastic collision. The 
following moment wil) be applied to both the mirror and gyroscope 


M, = hey. (6.30) 


whe -e ke is the coefficient of the equivalent stiffness of the drive, 
which reversal provides, and vo is the angle of rotation of the mirror 


from the point of beginning of application of the moment M, 


It should be noted that a spring mechanism, attached to the gimbal of 
the gyroscope, or two magnets with oppositely mounted poles, one of 
which is attached to the gimbal of the gyroscope and the other of which 
is attached to the mirror Z, can be used as the reverse drive of the 
mirror. 


On the other hand, the moment M, applied to the mirror causes 


accelerated motion of the mirror, determined by the expression 
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M, = J,9c. (6.31) 


where J, is the moment of inertia of the mirror. 


Solving the system of combined equations (6.30) and (6.31), let us 
determine the law of variation of My as a function of time t 


M, (j= Mao, Sit gel, (6.32) 


where Mon = hufico WI The is the amplitude of the moment to be applied 


and y. = V kT. is the frequency of free \ibrations of the system. 


Since moment My is applied through the motor stator to the outer gimbal 


of the gyroscope, this causes precession of the gyroscope rotor about 
the axis of the inner gimbal, determined by a system of equations with 
slight deviations of 8 from 0» 


JI,84 J Af cos A, == (): 
J,4 — J ,20 cos O, = M., it), (6.33) 


where J, and Jy are the moments of inertia of the inner and outer 
gimbals of the gyroscope about their rotational axes, Jp is the moment 


of inertia of the gyroscope rotor, {) is the angular velocity of the 
gyroscope rotor, 9 is the angle of rotation of the gyroscope about the 
axis of the inner gimbal, ¢ is the angle of rotation of the gyroscope 
about the axis of the outer gimbal, and 9, is the initial angle of 
rotation of the gyroscope about the axis of the inner gimbal. 


Solution of the system of these equations has the form: 








‘ Mog/ pt cos al (| cos@,1l: 
Gif) - o™ q. (1 24)" cos? A, Isa) 
nis) mae ne 
(12° cos’, 144 44 )4, 


The inequality (/,9 cos 4,)° D JJudes is fulfilled at Qo € 1/2; 


therefore, simpler expressions can be written for angles Q(t) and #(t): 
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ged p& cos 6, 
Al. a/ ss 


¢4 “2° cos*@, 


(1 —cosg, f); 





6()~, — 


sing,f. 





LUE 


It follows from these equations that the amplitude of the rotational 
angle of the gyroscope is much less with respect to angle ¢ than with 
respect to angle 8. 


Since moment M,ft) acts only in the interval 0 <¢ t < 7/4,» we find after 


reversal of the mirror (at t > */q.): 


Mes ° 
e* = 6, — 2 ~<a y= 0. 


Ged pX ons 4, 


Let 0% = -Oo, and then cos @) = 1 and the required moment of momentum of 
the gyroscope can then be found in the form 


Mon Ccols 
= . 
Gece t 





We find for the ratio of the moments of inertia of the gyroscope rotor 
and mirror: 


Thus, the required moment of inertia of the gyroscope rotor is found to 
be several orders less than the moment of inertia of the mirror Z, which 
leads to a reduction of the mass and size of the entire device and is 
one of the main advantages of this type of device. 


6.4. Shock Absorbers in Image Stabilization Systems 


Both force and kinematic perturbations act on the optical device (OP) 
during its operation. (Footnote) (The section was written jointly with 
V. F. Putkov) The force perturbations include the moments and forces 
occurring upon relative displacements of the assemblies of the optical 
device. The kinematic perturbations appear upon angular or linear 
accelerations of the base with respect to the optical device. The 
simultaneous action of these factors is a significant feature of the 
optical device as an object to be cushioned. It is known on the basis 
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of [10, 38) that angular misalignments of the optical device affect 
observation quality to the greatest degree. The mean square deviation 
of the angular position of the optical device at given spectral 
densities of the force and kinematic perturbing actions can be used as 
the criterion of optimality when working out the design of the 
suspension of the optical device on shock ebsorbers. 





Figure 6.27. Layout of Cushioning System of 
Optical Device 


A layout of the suspension of an optical device to a base on four shock 


absorbers, which have finite stiffness coefficients Cyr Cys Cpe and CE 


with respect to axes x, y, Z, is presented in Figure 6.27. 


The perturbing force actions are simulated by the forces and force 
moments, applied to the center of gravity of the optical device and 
directed along axes x, y, z, with respect to these axes. All the 
different perturbing force actions can be transformed to this case by 
known relations. The perturbing kinematic actions are simulated by the 
vectors of displacements of the points of attachment of the shock 
absorbers to the carrier, directed along the unit vectors of coordinate 
system \', vy’, Z’. 


The vector of the generalized coordinates is formed from the rotational 
angles a, J, 7 with respect to coordinate system x, y, 2, passing 
through the center of gravity of the optical device, and linear 
misalignments of the center of gravity with respect to the axes of this 
coordinate system. The linear misalignment of the points of attachment 
of the optical device to the shock absorbers are then related to the 
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vector of the generalized coordinates by the coupling equations of the 
coordinates: 


X= X— GY: Ye=Y+ay: %=2-a,2 —a,f: 
Yga=X i dey: ta =y-—dy: %=2-de + df: (6.34) 


XpoX— CY ett HCY: 2% = 2 lea | fe: 
xy=x i fey: wero they: 242 bf ya— ff. 





where a,, a,. d,, dy, ¢., @,. fe, f, are the coordinates of the points of 
attachment of the optical device to the shock absorbers. 


The mathematical description of the optical device on a flexible 
suspension is easier to compile in the multidimensional case by using a 
Lagrange equation of second kind with regard to losses in the shock 
absorbers 


4a aT , ai ; 
dt (a-)-% 4a, +%- = Ws (6.35) 


where T and J] are the kinetic and potential energy of the system, $ is a 
dissipative Rayleigh function, N(i) are external forces, and q is a 
generalized coordinate. 


One can generally write: 


’ 


‘ 
T = 5 nd: i] — Du (g, — q)* = >: b (9, g,)*, 
j=! 


=! 


_— 


where g, is the generalized coefficient of inertia, c; is the stiffness 
coefficient of the j-th flexible link that connects the generalized 
coordinates q, and q’,, and b; is a coefficient of the dissipative 
forces of the j-th flexible link. 


The expressions for the kinetic and potential energy of the system and 
for the dissipative function have the form in the case under 
consideration: 
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I . I | : ] : i ed . 
T = 5 me $+ > my? + 5 me + 5 450° + > 4K + 3 Jet" 


Me ee (xe -~ xa)? + (ta — 4)? 4 (te = 3)? (xy — 3)" 4 
+ 5ul(ye ~ Y,)° + (Ye — ys)" 1 (¥- - y,)’ $ (y; — y;)") { 
+ 5 (2. — z,)" 4 (2, —2,)° + (z,—2,)' 4 (2, — 2,)°]; (6.36) 
b— 5 (be ((é, ~ 8)? | (ee 44)’ 4 (% — 41) + 


+(e) — €))') 4-5 by UG — 95)? + (Ge — 9a)" 4 
+ (je — Ge)? + (Gp —i)' 14 > Oe U2 - 


+ (2, — 2,)° + (% — 4)’, 


2)’ | (24 — 24)” | 





where m is the mass of the optical device, Jx, Jy, and J, are the polar 
moments of inertia of the optical device with respect to the 
corresponding axes, Cx, Cy, and c; are the stiffness coefficients of the 
shock absorbers with respect to axes x, y, and z, by, by, and b, are the 
viscosity coefficients of the shock absorbers along axes x, y, Z, X‘;, 
Yi» Zi, i = a, d, e, f are linear displacements of the points of 
attachment of the shock absorbers to the base, which are kinematic 
perturbing actions for the optical device. 


Solution of equation (6.35) with respect to expressions (6.36) for T, fl 
and @ with regard to (6.34) results in a system of equations of dynamics 
of the optical device on a flexible suspension, which in operator matrix 
form has the form: 


A(p) x (p) = B(p)f(p), (6.37) 
where 
r Ay, (p) 0 Ay, (p) 0 0 0 
0 Ag ip) Ag, (p) 0 0 0 
A,,(p) Ag (p) Ags (p) 0 0 0 
A(p)= 0) 0) Q Ayip) Ag lp) Ag Pp) 
0 0 0 Ay (p) Ass(p) Ase(p) 
0 0 Ag(p) Ag(p) Alp) J 
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moreover : 


Ai, (p) = mp? | 


Ai3(p) = Ay (p) = — le 


Ag, (p) = mp* 


Ay (p) = Ay (p) = —(d, 
As, (p)=Jp" | [b.(a . dia é 


, 


| cy (ay 4- de -}- 2 1 fi) 


Ay, (b) = mp’ 4 


Ags (p) = Ag, (p) = — (a, +4 


Ay, (p) = Ag (p) = (a, 


A;:(p)=Jp" | 6,(a det ey fyp -c,fa, yd; | 


As. (p) = Agip) = —(d,d, | 


Age (p) = ip’ ; b* b, (a? 


4b.p | 4c,, 


| I, — ay — d,)(0,p ’ 


4b. p + 4c,, 

C, — Gy — f,)(byp 
fy) i oy (ar i} di | 
-¢, (a2 i-di+e 
4b,p -|- 4c,, 

d, —e, —/,)(6.p 
+ fy — dy — ex) (dap 


Cc. iF 


e, + Pip | 


ify a,a, ~ xy) (bp | 


di +-er | fp 


- G+ |-f2% 


x(p) = lxyyzaPl™ is the vector of the generalized coordinates: 





B=lo 0 0 
3515p) 0 
By, (p) 0 
B,, (p) 0 
0 By, (p) 
0 B,, (p) 
0 Bog (p) 


' 
S 
S 
i) 


0 - By, (p) 


00000 1. 0 


0) 0 
0 0 
0 0 


By ip) Bauip) 
Bysip) By ip) 
Ba ip) Beaip) | 
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e(a; 


0 


01000 0 0 Bay(p) 
00 1 0 0 O- Bylp) By lp) 


(0) 








By, (p) = 4b,p + 4c. By(p) = By (pi - 
= (a, }-d, —¢, -- [,)(b.p + c,). 
By (p) = 4b,p }-4c,, Bgs(p) = By (p) = (a, +f, —d- —e,) * 
xX (bp * cy), 
Bs, (p) = (6, (a, + dy § eh +- fi) +4, (05 4 die +f) p 4 
+c,(a, 4 de ter+ fi) +e, (0+ di4eh4f). 
By, (p) -= 4byp 1 Ac: 
Bus (p) = By ip) — (e, 4 Ff, —a, —d,)(OpA c,). 
Bag (e)— Bay (p) - (d, 4 0, — a, —F (bp + &). 
Bss(p) = (a) \ d, + 6) + 1)) (bp +c), 
By (p) — Bes (p) = (a,a, + e,¢, — d,d, —ff,) (Op + &). 
Bes (p) = (0; + de 4 ef 4 fr) (bp © &); 


i (p) IF, FMF MMe yyzaB I i. the vector of the perturbing 


effects. 


Matrices A(p) and Bip) have latticed shape and the mathematical model of 


the suspension of the optical device can be broken down. 


equation (6.37) is written in the form: 


In this case, 


where 


A, (p) x, (p) = B, (p) fy (p): 
Ag (p) Xo (p) = By ip) fe (p), 


Aj, (p) 0 Ais, (p) 7 
A, (p) = 0) Ags(p) Ag(p) 
Ag (p) Aga(p) Agg(p) | 
Ay(p) Agity) Ag(p) 
A, (p) Agy(p) Agy(p) Age (p) 
1 








Awlp) Ag tp) Aga (p) 
| 0 0O- By (p) 0 Biya (p) 
B, i”) 0 | O- O Balp) Bai 
0 0 1-Byuip) Balp) Byip) 
| 0 0- By Balp) Balp) 
Boiph= 10 1 O- Balp) Balp) Buty 
0 0 1+ Balp) Belp) Faalp) 
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x,(p) =\|ruyl": x, (p) = leafy’; 
(pp =|FF Moxy yi’: 
i. (pp ~ (FM M,z af }’. 


Analysis of the non-diagonal elements of matrices A;(p) and A>(p) shows 
that the independence of the free motions of the generalized coordinates 
of the system can be guaranteed if the specific relations between the 
point coordinates of the suspension of the optical device on shock 
absorbers is fulfilled. The total invariance of the free motions is 
reached if the following conditions are fulfilled: 


a, 4 Pp d. ¢, = VQ 
a, +d, —¢, f, = 0: 


a,Q, + ¢,t, d, d, = PP o= 0, 


(6.38) 


fulfillment of which is similar to the requirement that the center of 
gravity coincide with the center of the suspension of the optical device 
[38). 


The independence of the forced motions of the optical device along 
different generalized coordinates provided that equalities (6.38) are 
fulfilled is guaranteed only if there is no mutual correlation between 
the elements of the vector of the perturbing effects. The absence of 
cross-correlation is possible, if all the force perturbations are 
concentrated in the center of gravity of the optical device, which is 
ordinarily not fulfilled in practice. 


If the mathematical model of the suspension may not be broken down, its 
dynamic properties are completely described by n *« m transfer matrix 
Wip) = A°'(p)B(p) of dimension n *«* m, where n is the number of 
generalized coordinates and m is the number of perturbing effects. The 
analytical solution does not yield a clear result, since it is related 
to finding the reciprocal] matrix A°!'(p). 


Let us assume for analysis of the dynamic characteristics of the 
flexible suspension of the optical device that the conditions of 
decomposition of the mathematical model are fulfilled, matrix A(p) has 
diagonal shape, and the equations of dynamics then acquire the form: 








imp? 4 4b.p + 4c.) xio) = F,ipi 4 bp 4 4c 6 ip) 
imp 1 4tup bAicdgini Fou! bt a 
JP tle die tt o(eed ta hie 
tea, + dscage+hie¢( td ta+iirum 
M,ip) | lo (+ dt AD 
(i daa! Pletal tdesta+iyum 
imp* | 4b.p | 4c,)z(p) ~ F, ip) | bp Ac ipr 
(Jp 1% (a, + die usp 
(ai d+ 4 Law 
M,(p) +16, (0, +d ea +f piag(e 4 dae 4 fa wn 
(Je 1 o(ai4 die efpsag(ai +d + e+ fF) pum 
=~ Meipi4 [f(a + dose i fps 


tala, + draasloye 


These equations have identical form (nip) 4+bp4co)q,(r) tf, (p) + op & a 


where g,, bj, and c, are the generalized coefficients of inertia, 
viscosity and stiffness, respectively, q,(p) is the i-th generalized 
coordinate, and f,(p) and q’;(p) are the generalized force and kinematic 
perturbing effects, respectively, on the i-th generalized coordinate. 


The transfer functions for the force and kinematic effect can then be 
written in the form: 





4 ip) = q) Asp it (6.39) 
| ow i? aT pel 


where 7) nijc;; E— bd, Ty) 18 the damping coefficient. 
The spectral density of the i-th generalized coordinate is determined by 


the following formula if there is no correlation between the force and 
kinematic perturbing effects 


S, (ow) = | Ww! (joo)| Sy (ory FL WY fey Se te), 














where S¢‘{v) and S’,(#) are the spectral density of the force and 
kinetimatic perturbing effects, respectively, om the i-th generalized 


coordinate and |W! (jw)|, |W! (je)| are the moduli of the amplitude 


frequency characteristics for the force and kinematic perturbing 
effects. 


The optimal value of the damping coefficient { can be determined for 
known Sq¢(v) and S’,(#) by the values of the mean square of the 


generalized coordinate 4, =~ | S, (w) de 


a 


The optimal value of the damping coefficient can be determined 
analytically in the case of a kinematic perturbing effect, presented in 
the form of white noise. The mean square of the generalized coordinate 
is determined from the equation 





:, ’ . 1 48°T? Gey’ an? 
j= <= ; : N de = Sap | 
2n ) (7; (je) 4 TT jw ’ i}? " 4 : N 


To find the minimm value of the last expression, let us set the first 
derivative equal to zero with respect to the damping coefficient 


i l -0 
a US a 
Hence, we find ont > 0.5. In this case, q’?, = NT,. 


A value of ¢ = 0.2 is recommended in [38] for the case 
kinematic perturbing effect at frequency « = Tl 


conclude that the spectra of perturbing effects actually existing in the 
systems must be taken into account when developing flexible suspensions 
of optical devices. 


a determinant 
can 






Filtration of the force and kinematic perturbaticns, as follows from 
equation (6.39), is improved if the time constant of the elastic 


vibrations Ty: the value of which is bounded above by the requirement of 


guarariteeing the required static stiffness of the shock absorbers, is 
increased [9]. The filtering properties of the flexible suspension can 
be improved in the low-frequency region to # = Ty if active vibration- 


protection systems ere used. It is assumed that the bandwidth of these 
systems exceed at least the lowest range of flexible vibrations of the 
suspension of the optical] device on shock absorbers. The active 
vibration-protection system filters the perturbing effects in its own 
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bandwidth, while the high-frequency components of perturbations are 
filtered mainly by the flexible suspension of the optical device. 


Several perturbing force effects Rj, i = 1, n, which have arbitrary 
directions and different points of application, are ordinarily active 
during operation on the optical device. The forced motions of the 
optical device are correlated even if the mathematica] model] breaks 
down, i.e., if conditions (6.38) are fulfilled. This can also be said 
about the forced motions of the suspension exposed to kinematic 
perturbations. Misalignment of the image, which is a criterion of the 
quality of the flexible suspension of an optical device, is determined 
by the formla 


Sip) = LW! (p) Kr 4- LW* (p)q, (6.40) 


where L — |i, (a. B. y) 4 (a. B. y) (a. B. yy) is the transformation matrix of 


the angular misalignments of the optical device with respect to its 
center of gravity (TsT) to misalignment of the image, the elements of 
which are dependent on a specific version of the optical device, W'(p) 
is the matrix of transfer functions by the perturbing force effects in 
the case of no breakdown of the mathematical model, equal to 


W'ip) = 
wi. ip) Wisi 0 0 0 ws, (p) 
=| Wha ip) Whe ip) 0 0 0 Wh, (p) 
| 20 0 wlLw whw Wi, 29 





K is the reduction matrix of the perturbing force actions toward the 
center of gravity of the optical device, determined in the form 


| Ras Re Roy Ray Ras iT 
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replied Yo: cos 0, ~ Zqy COS Py: he, 2; COS |, — X_, cos O,: Rw = Ky COS O — Hq; COS G,: 
we COST Ry = osm. fb, = COSA), Xe. Yor 4a are the coordinates of 
application of the R,, cos #,, cos @,, and cos #, are the direction 
cosines of Ri, r= [R,R,...R,|' is the vector of the perturbing force 


effects, Wi(p) is a amtrix of the transfer functions for the perturbing 
kinematic effects in the absence of decomposition of the mathematical 
model, equal to 


Wip) = 
Wp) Wig &) 0 0 0 Wii 
=| Wh.lp) Wis (p) 0 0 0 Whip) 
0 0 wiin) Wy Wyle) 9 


and¢g ~ Ix’ (p) fh ip) yy ip) x (p) yy (p) @ ip) lis the vector of the perturbing 


kinematic effects. 
The spectral density of image misalignment is determined from the 
express ions 


Salm) = (LW! (feo) KP S, (eo) + [L W* (jeoy]? S, (w), 


where S;(#)S,,(7) are the vectors of the spectral densities of the force 
and perturbing kinematic effects and Wi (jm) We ij) are the matrices of 
the frequency transfer functions. 


Hence, the mean square of image misalignmen: is determined by the 
relation 


~ 


. ! 
a8 = 5 \ S,(@) de 


The problem of optimal synthesis of the parameters of a flexible 
suspension is formulated in the following manner: 


min (6° (hy, he), 
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where h is the vector of the variable parameters whose elements are the 
coordinates of the reduction points and the coefficients of stiffness 
and viscosity of the shock absorbers. 


Constraints in the form of inequalities A, ,.. thy Cy eee PROTO Ay cen, hy ees 
are the lower and upper bounds of variation of the i-th parameter. 


The given method of parametric design is oriented toward the use of the 
computer and is based on the iterative search procedure Mont’ 


corresponding to the minimm 7°. The min difficulties in performing 
this design are the large expenditures of machine time in calculation of 


#2 at each step of the iteration. 


The design procedure is simplified considerably if the conditions of 
decomposition of the mathematical mode! of the flexible suspension of 
the optical] device are fulfilled. The values contained in matrix 
equation (6.10) assume the form: 





W! ip) 0 Winip) 0 
0 0 Wl. (p) 
Rai k, Ran 
K =] kh, b.., he. 
hk, k,, hon | 
W. (p) 0 0 
Wi ip) 0 Win 0 
0 0 Wy (p) 
q ~lapyy}’ 


The constraints in the form of equalities (6.38) must be taken into 
account during parametric design. Since the numerators of the elements 
of transfer matrices ¥!,(p) and W%,(p) are second order, one can avoid 
the need for numerical integration of the spectral densities during 
determination of 4? at each step of the iteration and one can use the 
tabulated integrals [10] of form 


! G (je) de 


On \ A iin) Al ie) * 


ls 
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where A( jv) and Gi jv) are polynomials of jw of n-th and (2n - 2)-th 
power. It should be noted that this approach requires additional time 
expenditures when preparing the problem of parametric design for 
solution of the computer. 


~ 
> 
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